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A number of factors can influence the hydraulic behaviour of faults including, the 
rheology and permeability of host and fault rock as well as bulk stress conditions, 
structural anisotropy, differences in pressure across the fault and the viscosity of the fluids 
interacting with fault zones. These factors ultimately control whether a fault acts as a 
barrier to lateral fluid flow and/or a conduit for along fault flow. This thesis examines the 
architecture of normal faults to improve understanding of their geometric variability and 
how it may impact fluid flow. I analyse six normal faults with displacements of 0.01-0.30 
m from within the Late Miocene (~6.5-11 Ma) Mount Messenger Formation exposed 
along coastal cliffs in north Taranaki, New Zealand. For each fault the fault-zone and 
fault-rock thicknesses have been measured at 5 cm or 10 cm intervals and are combined 
with grain-size analysis of displaced beds and fault rock. In addition, the micro-structure 
of fault zones has been examined using thin sections and SEM images. Data have been 
used to help constrain the fault-zone structure and faulting processes together with their 
implications for fault-seal prediction.  
Results indicate that for individual faults both fault-zone and fault-rock thicknesses can 
vary by more than an order of magnitude over distances of <2 m and may be significantly 
larger over the entire fault surface. The wavelength of these changes may be partly 
controlled by bed thicknesses and associated fault segmentation. The narrowest fault 
zones are often observed where siltstone beds intersect the faults. The thickness of fault 
rock is positively related to the number of deformation bands, which form by cataclasis 
of host-rock sandstone. Cataclasis is regularly seen in laboratory analysis and is an 
important process for low permeability fault rock generation. Smear of siltstone beds is 
also common but not ubiquitous and in many cases, does not contribute significantly to 
fault-rock generation. Therefore, fault-rock thicknesses are not strongly correlated with 
the locations of siltstone beds. These data suggest that the utility of algorithms which 
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LIST OF KEYWORD DEFINITIONS AND ACRONYMS 
Fault-rock: Fragments of crushed or deformed rock that retains no host-rock fabric and 
formed in response to fault shear displacements along a fault plane. Also, known 
as fault-core (Childs et al., 2009). 
Fault-zone: The volume of rock that includes fault-rock and spatially associated 
networks of interconnected fractures, and small-scale faults. Also, known as the 
damage zone (Caine et al., 1996). 
Deformation band: A common strain localization feature (small fracture) found in 
deformed porous sediments commonly less than 2 mm in width comprising fault 
rock across which shear displacement has occurred (Fossen et al., (2007). 
Fault seal: When a fault is a barrier to fluid flow it is considered to be sealing. Fault seal 
can be generated by many processes including and not limited to, juxtaposition of 
low permeability facies, fault architecture and fluid type (Childs et al., 2009). 
Cataclasis: The processes of crushing and mechanical breakdown of host-rock within 
fault-zones during fault shear which is commonly accompanied by grain-size 
reduction (Yielding et al., 1997). 
Shale smear: The entrainment or smear of fine-grained host rock into fault-zones which 
commonly increases fault seal potential. Also, known as shale smear (Yielding et 
al., 1997). 
SGR: Shale Gouge Ratio. A shale-smear algorithm which represents the percentage of 
fine grained rock within the fault-zone in the displaced interval. This algorithm 
utilises bed thickness and fault throw (Yielding et al., 1997). 
SSF: Shale Smear Factor. A shale-smear algorithm which constrains the likelihood of a 
shale-smear having a continuous character (i.e. a longer smear length into the 
fault-zone). This algorithm also utilises fault throw and the thickness of the bed 
being measured (Yielding et al., 1997). 
CSP: Clay Smear Potential. A shale-smear algorithm which represents a certain point 
along a fault where a relative amount of silt (or clay) has been smeared from 
individual beds. This algorithms utilises bed thickness and distance from source 
bed (Yielding et al., 1997). 
 
     xix 
SEM: Scanning Electron Microscope. A microscope which utilises a beam of high-
energy electrons to generate geochemical, structural and textural images or solid 
specimens in high quality (often at millimetre scales) (LTI, 2017). 
LDPSA: Laser Diffraction Particle Size Analyser. A machine utilised for particle sizing 







KEY QUESTIONS AND ANSWERS 
Question Answer Location 
 
What factors influence fault 
seal? 
 
Many factors influence fault seal 
potential including, and not limited to, 
grain-size reduction in fault zones, 




How variable are fault-rock 
and fault-zone thicknesses? 
 
Fault-rock and fault-zone thicknesses 
can vary by several orders of 




What processes are 
responsible for generating 
fault rock in Northern 
Taranaki? 
 
Cataclasis and shale-smear are 
responsible for much of the fault rock 
observed in Northern Taranaki. 
Chapter 4/5 
 
What fault-seal algorithms 
are used for fault seal 
prediction and how accurate 
are they? 
 
SGR, SSF and CSP are common 
algorithms used for fault-seal 
prediction, however, there is only a 




What sample lengths are 
required to capture the full 
range of fault-zone 
architectural elements? 
 
There is a greater chance of capturing 
the full range of fault data at outcrop 
scale for smaller displacement faults 
(<30 cm), as rising displacement 
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1 INTRODUCTION 
1.1 Project Background  
Fault zones commonly contain fine grained fault rock that has either been entrained into 
the zone from surrounding host rock or generated by cataclasis (Figure 1). Fault rock may 
cause a capillary or permeability seal which is often referred to as fault seal. Fault seal 
prediction methods attempt to quantify the potential for a fault to produce barriers to fluid 
flow within the upper crust (Caine et al., 1996; Childs et al., 1996, 2009). Many factors 
can influence fault-seal potential including and not limited to lithology, fault-zone 








Figure 1: Sketch illustrating a normal fault displacing an interbedded sedimentary 
sequence. Shale smear, entrained siltstone into fault rock, may occur near displaced 
siltstone beds (A), while mechanical breakdown of sandstone grains may occur in 
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A number of algorithms have been developed for predicting fault seal potential of faults 
that displace interbedded sandstone and siltstone sequences (Yielding, 1992, 2010; 
Lindsay et al., 1993; Yielding et al., 1997; Manzocchi et al., 1999; Sperrevik et al., 2002; 
Childs et al., 2007). These algorithms were developed for the petroleum industry and have 
a wide range of applications from CO2 sequestration to the safe storage of waste water or 
nuclear waste. Such algorithms are considered useful approximations that attempt to 
replicate the spatial variations in fault-zone geometry often observed in outcrop (Childs 
et al., 2009). 
This thesis investigates the spatial variability of fault-zone geometries for six small 
normal faults with displacements ranging from less than 1 cm to 30 cm that displace thin 
(typically <0.5 m) turbidite beds within the Mount Messenger Formation, North Taranaki, 
New Zealand (Figures 2 and 3). The thickness, continuity and spatial distribution of low 
permeability fault rock controls whether a fault will act as a barrier to lateral fluid flow 
and therefore is a primary focus of this thesis. The results may have application to 
industries that are reliant on the extraction of fluid from, or the injection of fluid into, 
interbedded sandstone and siltstone sequences. In Taranaki, for example, oil and gas is 
being produced from the Mount Messenger Formation in the onshore Ngatoro and 
Kaimiro fields. Therefore, the fluid flow properties of faults have economic importance. 
The results from this study also provide insight into how faults form. 
1.1.1 Fault Seal 
Current quantitative fault-seal prediction methods utilise bed thickness and displacement 
to determine the likelihood of a continuous fault seal being formed. However, it has been 
suggested that these algorithms are overly simplistic and don't take into account the 
variability and complexity of fault-rock structure observed in outcrops. (James et al., 
2004). Fault-zone architecture, lithology and mechanical stratigraphy often display 
diverse spatial and temporal variations in outcrops. The resulting fault-zone complexity 
can influence the ability of fluid-flow models to replicate the hydraulic properties of 
faults. Heterogeneous fault-zone structure is generally not captured by the models and 
algorithms used to describe fault-rock geometry (e.g. shale-smear geometry) and fault-
zone structure. Failure to capture fault-zone heterogeneity means that flow-simulation 
models may not be representative of reality due to limited understanding of input 
parameters and their variation (Nicol et al., 2016). Quantification of these input 
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parameters (e.g. fault-rock thickness and permeability) are required to understand better 








Figure 2: Photograph showing a section of the interbedded Mount Messenger 
Formation along a coastal cliff located south of Tongaporutu River with a small 
normal fault (Tongaporutu A) displacing the sequence from top right to bottom 
left by 16 cm. Darker coloured units are sandstone and lighter units are siltstone. 
Red arrows indicate sense of movement of fault. Note the person and ladder for 
scale (total cliff height in the photo is approximately 5 m). 
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1.1.2 Addressing the Problem  
Over the last 40 years extensive research has been completed on the detailed geometry of 
fault zones (e.g. Chester and Logan, 1986; Wallace and Morris, 1986; Caine et al., 1996; 
Childs et al., 1996; Shipton et al., 2006; Wibberley et al., 2008; Childs et al., 2009; 
Faulkner et al., 2010). Many of these publications acknowledge that more data is required 
to understand better the variability of fault-zone architecture and how it can influence 
fault-seal predictions.  
In order to further refine current understanding on fault seal, and fine-tune models widely 
utilised in fluid extraction and injection industries, research is required to:  
 Quantify the structure, thicknesses and permeability of fault rock and fault zones 
along faults at a range of scales and in three dimensions (3D). 
 Determine how different sequence architectures influence fault structure, 
permeability and growth. 
 Determine if fault-rock architecture and hydraulic properties observed in outcrops 
can be up-scaled. 
 Develop algorithms for predicting the size distribution and spatial frequency of 
“holes” in low permeability fault rock. 
Future research into the complexity and structural variation of fault zones is important for 
accurately predicting the hydraulic properties of faults/fault zones and producing models 
that reflect fluid flow processes in faulted stratigraphy. To advance the understanding of 
fault permeability detailed sampling of the structural components of fault zones is also 
required. As more fault seal data becomes available, from both outcrop and seismic 
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1.2 Thesis Objectives 
This thesis is a pilot study designed to quantify the spatial variation of fault rock and fault 
zone distributions on small outcrop-scale normal faults (N = 6) with variable bed 
thickness (1-100 cm) and displacement (1-30 cm) in the interbedded Mount Messenger 
Formation, Taranaki. The overall aim of this study is to use field-based outcrop-scale and 
micro-scale (i.e. thin section and SEM images) data to understand better the factors that 
control fluid flow across fault zones. These data constrain the origin of fault rock (e.g., 
shale smear, cataclasis and/or secondary mineralisation), its permeability structure and 
the resulting implications for fault-seal prediction. Specific objectives of this thesis are 
to:  
 Quantify the spatial distribution of low permeability (clay rich) fault rock along 
small normal faults in an interbedded sandstone siltstone sequence, 
 Characterise the grain size, shear fabric and permeability of fault rock with respect 
to host beds, 
 Analyse rock samples over a range of scales (e.g. metre to micrometre scale) to 
determine the processes responsible for generating fault rock (e.g., shale/clay 
smear or cataclasis), 
 Use the data analysed to determine how fault-zone complexity may influence 
fault-seal potential, and, if appropriate, make recommendations about how these 
estimates may be improved. 
1.3 Study Area  
Data were primarily collected from normal faults displacing beds within coastal cliff 
outcrops of the Mount Messenger Formation sandstone and siltstones on the north 
Taranaki coast between Awakino and Pukearuhe, New Zealand (Figure 2 and 3, Figure 
58: appendix). The units of interest within the Mt Messenger Formation are thinly bedded 
turbidite sequences exposed within cliffs and sea stacks along the Pukearuhe, 
Tongaporutu and Rapanui beaches (shown in Figure 4). The lithology of this sequence is 
dominated by clayey siltstone and silty sandstone. Access to coastal outcrop was 
primarily through public walkways and/or farmland from which appropriate permission 
was granted from property owners. 
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Figure 3:  Maps showing the tectonic setting of the study area (shown by the red 
box; location of Figure 58: appendix). Insert map indicates the New Zealand plate 
boundary setting. Main map illustrates the Taranaki Rift Basin with associated 
normal faulting and the northern Taranaki study area. The study area is located 
close to the southeast margin of the rift system. A-A’ and B-B’ cross-sections show 
the structures and stratigraphy observed within the Taranaki Rift Basin (modified 
from Childs et al., 2007). 
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1.4 Geological Setting 
The Mount Messenger Formation was deposited in the northern Taranaki Basin which 
contains stratigraphy up to 9km thick with ages ranging from the Mid Cretaceous to 
Recent (King & Thrasher, 1996). Extensional rifting associated with the opening of the 
Tasman Sea, and breakup of eastern Gondwana, influenced much of the Taranaki Basin 
during the Late Cretaceous and Palaeocene (King & Thrasher, 1996). Several post 
Cretaceous subsidence events driven by relative movement of the Australian and Pacific 
plate influenced the development of the Taranaki Basin (King & Thrasher, 1996). The 
first of these events was a period of foreland basin development between ∼40 and 5 Ma 
associated with displacement of the eastern dipping Taranaki Fault System (King & 
Thrasher, 1996). The Taranaki Fault System defines the eastern margin of the 
Taranaki Basin and may have formed due to subduction. During the Late Miocene 
(<~10 Ma) slab roll-back and/or steepening of the subducting Pacific plate beneath the 
North Island may have resulted in crustal extension (Giba et al., 2010; Seebeck et al., 
2014). This extension commenced in the northern basin and migrated southwards with 
time (King & Thrasher, 1996; Giba et al., 2010). At the latitude of the study area these 
normal faults extended the shallow basin by 1 – 1.5 km (King & Thrasher, 1996; Nicol et 
al., 2007; Giba et al., 2010) and produced the faults studied in this thesis oh which formed 
during the Mio-Pleistocene. 
The Upper Miocene Mount Messenger Formation comprises deep-water turbidites 
(Figure 2) and, in the study area, formed prior to crustal extension (Childs et al., 2007). 
The Mount Messenger Formation has about 20 km of exposure along NNE-SSW trending 
beach cliff sections that are up to 200m high and stretch from Mokau in the north to 
Pukearuhe in the south (Browne et al., 1996). The Mount Messenger Formation located 
within the north Taranaki study area is between 6.5 – 11 Ma in age, has a stratigraphic 
thickness of around 850 m and an average dip of 2° – 5° to the SW (King, Scott, & 
Robinson, 1993) (Figure 4). Lithofacies of the Mount Messenger Formation include thick 
to medium bedded sandstone units along with interbedded fine sandstone and 
siltstone/clayey siltstone (King & Thrasher, 1996). The Mount Messenger Formation is 
made up of a large turbidite system which represents mainly lower-slope depositional 
environments. Interbedded sandstones, siltstones and siltstones are dominant throughout 
the formation with frequent occurrences of thin beds (<5 cm) of volcaniclastic material 
(Browne et al., 1996). Beds sampled throughout the study area are moderately sorted and 
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normally graded with the siltstone commonly containing coarser silts and the sandstone 
being primarily fine to very fine. 
The Mount Messenger Formation sandstones comprise very fine to fine sands, while the 
siltstones are primarily coarse silts. Protolith sandstones in the Mount Messenger 
Formation generally have modal grain sizes of ~90-110 µm with ~55-85% sand-, ~15-
40% silt- and ≤5% clay-sized particles (Browne and Slatt, 2002; Browne et al., 2005). 
These proportions contrast with those of the siltstone beds which have a grain-size mode 
of 5-10 µm, ~10-30% sand-, ~65-85% silt- and ≤20% clay-sized particles. The 
sandstones and siltstones are predominantly poorly to moderately sorted (sandstones 
display more sorting than siltstones) and comprise sub-rounded to sub-angular grains. 
Sandstone and siltstone porosities are 30-35% and 20-30%, respectively (Browne et al., 
2005; this study). Sandstones primarily comprise ~55-80% lithics (mostly of 
metamorphic and sedimentary origin; Browne et al., 2005), 20-40% quartz, and 10-30% 
feldspar (<1% muscovite and biotite). Both the lithics and feldspar sand-sized grains are 
frequently altered, or partly altered, to clays including sericite and montmorillonite 
(Childs et al., 2007). This alteration is likely to weaken the grains which, together with 
the general absence of inter-grain cementation and the high porosity, contribute to the low 
(~3-10 MPa) unconfined compressive strength of the faulted strata (N. Perrin, Pers Comn, 
unpublished data, 2012). 
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Figure 4: Map showing the geology and location of the faults analysed here (black 
box) within the northern Taranaki study area (modified from Childs et al., 2007). 
The locations of the faults studied here are shown. One fault sampled from 
Rapanui (Rapanui A), two from Tongaporutu (Tongaporutu A + B) and three 
from Pukearuhe (Pukearuhe A, B + C). 
Rapanui A 
Pukearuhe A, B + C 
Tongaporutu A + B 
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Faulting occurs along the entire 20km coastal section throughout the Mount Messenger 
Formation. Coastal erosion along the cliffs (up to 1 m/yr) refreshes the faulted outcrops 
and produces near 100% exposure. Normal faults exposed in outcrop have displacements 
ranging from <1 mm to >60 m in the study area (Childs et al., 2007). Faulting is mainly 
2 – 6 Ma in age and is thought to have formed at burial depths of 1 – 2 km (Childs et al., 
2007; Giba et al., 2010). As a result, the faulted sequence is poorly lithified and can be 
routinely scrapped to produce clean exposures.  
1.5 Thesis Structure 
The structure of this thesis is as follows: 
Chapter two presents the literature review of the current understanding of fault 
permeability with emphasis on physical properties of fault zones and this influence on 
fault-sealing processes. 
Chapter three describes key concepts and methods used to gather information for this 
thesis. Numerous methods have been used to analyse the samples collected. 
Chapter four presents the field observations from the outcrop data and samples collected. 
Chapter five discusses the results and their implications for fault-rock generation and 
permeability. 
Chapter six summarises the observations and results from this thesis, with specific 
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2 FAULT ZONES AND 
PERMEABILITY  
2.1 Introduction 
This chapter summarises the current understanding of fault zone-structure, hydraulic 
properties and fault-sealing processes.  Fault zones can act as barriers, conduits or dual 
conduit/barrier systems for fluid flow. Their permeability is strongly influenced by the 
structure and composition of the fault zone which is primarily controlled by the lithology, 
and the associated mechanical properties of the host stratigraphy (Ferrill and Morris, 
2003). However, there are numerous additional factors that can also influence fault-zone 
permeability and the interplay of these factors can make prediction of fluid flow near (and 
within) fault-zones difficult. A number of industries utilise simple geomechanical models 
and fault-seal algorithms to make predictions on permeability however these rarely take 
account of fault-zone complexities or are tested using insitu fluid flow measurements. 
Addressing these uncertainties and limitations has been a key theme of the literature 
surrounding fault permeability (e.g. Wallace and Morris, 1986; Wibberley et al., 2008; 
Childs et al., 2009). 
2.2 Fault-Zone Structure  
Over the last 30 years many studies and publications have analysed the structure, growth 
and hydraulic properties of fault zones (e.g. Chester and Logan, 1986; Wallace and 
Morris, 1986; Caine et al., 1996; Childs et al., 1996; Shipton et al., 2006; Wibberley et 
al., 2008; Childs et al., 2009; Faulkner et al., 2010). A relatively simple fault-zone model 
has been proposed (Figure 5a) and, even with knowledge of the complexity and variation 
of fault zones (e.g. Childs et al., 2009), is still widely adopted in many recent publications 
(e.g. Faulkner et al., 2010). The model itself comprises two main elements which 
accommodate shear displacements. The fault core, also known as fault rock (the term 
used in this thesis), hosts much of the displacement within the zone and commonly 
comprises low permeability material that impedes cross-fault fluid flow. The fault 
damage zone, which encloses the fault core, comprises many small-scale faults and joints 
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which are commonly inferred to promote fluid flow by increasing permeability along fault 
zones (e.g. Faulkner et al., 2010). The damage zone model is commonly accepted because 
it is easily visualised and understood in two-dimensions and has the potential to be 
numerically modelled. Unfortunately, the fault damage-zone model is rarely observed in 
outcrop and does not incorporate sufficient variability of fault zone structure to 




Fault zones are known for their highly variable displacement and internal complexity 
(Wallace and Morris, 1986; Caine et al., 1996; Childs et al., 1996; Childs et al., 2009; 
Faulkner et al., 2010). Areas of highest shear displacements are found within or, adjacent 
to, fault rock that commonly contains clay-rich material (Nicol et al., 2016). This clay-
rich/fine grained fault rock can be generated by a number of processes including intense 
fracturing and crushing of host rock, smearing of clay and siltstone into the fault zone 
and/or by wall-rock injection into the fault zone. Fault rock commonly forms in spatial 
association with many small-scale faults and joints (Figure 6b) which together form the 
fault zone (Childs et al., 2009). Because fault zones include fault rock, (and associated 
Figure 5: Diagrams illustrating fault-zone models. (a) Fault damage zone – fault 
core model showing a zone of fracturing which encloses a clay-rich core 
comprising low permeability fault rock (Chester and Logan, 1986). (b) Fault-zone 
model which shows how the thickness of clay-rich fault rock and fault zone 
(dominated by small faults) varies over a fault surface (Childs et al., 2009). 
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fractures and joints), the term is not directly comparable to the term damage zone. 
Furthermore, limited quantitative definitions of these terms (i.e. fault rock, fault core, 
fault zone, damage zone) produces added uncertainty when relating the geometries and 
dimensions of fault zones and fault damage zones (Childs et al., 2009). 
Areas of variably fractured host rock are commonly (but not always) bounded by slip 
surfaces and associated fault rock within the fault-zone itself (e.g. Wallace and Morris, 
1986; Wibberley et al., 2008; Childs et al., 2009; Faulkner et al., 2010; Nicol et al., 2013). 
These lenses produce variations in the width of fault zones and fault rock over the fault 
surface (Childs et al., 2009; Awdal et al., 2014). While fault-zone thickness shows a broad 
positive relationship with displacement (e.g. thicker fault zones and fault rock are 
generally associated with higher displacement faults), there can be several orders of 
magnitude variation in fault zone thickness for a given displacement (Childs et al., 2009; 
Nicol et al., 2013) (Figure 6 and Figure 7). 
 
Power-law distributions can be demonstrated for fault length, displacement, width and 
fault-flow rates (e.g. Walsh et al., 1991; Yielding, 1992; Seebeck et al., 2014). The scaling 
relationships of these fault attributes are closely coupled with a positive correlation 
between fault-rock thickness and fault displacement and a number of models have been 
developed to account for such observations (e.g. Scholz, 1987; Hull, 1988; Power et al., 
1988; Faulkner et al., 2003; Childs et al., 2009). In general, the host and fault rock 
Figure 6: Graphs showing thickness vs. displacement for fault rock (a) and fault 
zones (b) collated from global data (Childs et al., 2009). 
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rheological properties are thought to be a primary control on fault-rock thickness. A 
geometric model proposed by Childs et al. (2009) describes fault geometry as being a 
controlling factor for the thickness and distribution of architectural elements. However, 
given the variability of fault-rock and fault-zone thickness-displacement, and the 
associated variations between data sets, estimating fault-rock or fault-zone thickness from 
these models will most likely result in a high level of uncertainty (Nicol et al., 2016).  
Wider fault zones are usually associated with increased fault irregularities including 
segment boundaries (shown as a relay in Figure 5b), fault bends, fault intersections and 
fault terminations which are all often associated with elevated densities of small-scale 
faults and joints. Where fault zones are widest their permeability is often greatest 
(Hermanrud et al., 2014). Information gathered from numerous studies indicates that fluid 
flow within fault zones can be channelized and heterogeneous (Cox, 1999; Gartrell et al., 
2004; Dockrill and Shipton, 2010; Ilg et al., 2012; Hermanrud et al., 2014). The 
suggestion that fault complexities could represent areas of increased permeability, clay 
content and channelized fluid flow has been widely published (Caine et al., 1996; 
Wibberley et al., 2008; Childs et al., 2009; Faulkner et al., 2010), however, there remains 
uncertainties as to under what conditions (rock rheologies, fault geometries and stresses) 
fault-zone complexities promote fluid flow and these models have not been robustly 













Chapter 2: Fault Zones and Permeability 
Henry Winter - May 2017   15 
A combination of mechanical rock properties and confining stress acting on a volume of 
rock during deformation ultimately controls the spatial distribution of fault rock products 
within fault zones (Figure 8; Nicol et al., 2016). The spatial distribution of rock 
deformation products, such as fractures and fault rock, evolve over time in a three-
dimensional sense and are the primary driver for the permeability properties of fault zones 









Figure 7: Photographs showing normal faults with varying displacements 
and degrees of clay smear. a) Fault within the Trail Formation displaying 
limited shale-smear, Utah, USA, and b) Fault within the Mount Messenger 
Formation showing extensive shale-smear, Taranaki, New Zealand (Nicol et 
al., 2016). 
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2.3 Fault Geometries & Mechanical stratigraphy 
Sandstone-siltstone sedimentary sequences displaced by normal faults are the primary 
source for many cross-fault permeability studies (Yielding et al., 1997; Manzocchi et al., 
2010). These studies suggest that fault-zone architecture in interbedded sequences is at 
least partly controlled by the mechanical heterogeneity of the sequence itself, and by 
confining pressures (Peacock and Zhang, 1994; Childs et al., 1996, 2009; Patton et al., 
1998; Schöpfer et al., 2007; Michie et al., 2014). Fault dips often steepen in stronger 
layers and shallow in weaker layers (e.g. Peacock and Zhang, 1994; Crider and Pollard, 
1998; Micarelli et al., 2005; Schöpfer et al., 2006), producing changes in dip as the fault 
passes through layers of varying mechanical strengths. These changes in dip angle may 
form during fault propagation (Gross, 1995; Sibson, 1998; Ferrill and Morris, 2003) and 
can be caused by varying friction angles and failure modes (Figure 9) from one layer to 
the next.  
Figure 8: Diagram illustrating the types of fault rock that can be generated in 
silisiclastic sequences with varying clay content and burial conditions (Yielding et 
al., 2010). 
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The greater the variation of mechanical strength between multi-layered sequences, the 
more likely dip angles will vary up through the sequence (Figure 8) (Sibson, 1996; Ferrill 
and Morris, 2003). This in turn causes variations in fault linkage during fault growth and 
has the potential to cause further fault-zone complexities which may include splaying and 
antithetic fault development (Schöpfer et al., 2007). Complexities in fault geometry 
related to mechanical stratigraphy can directly influence fluid migration and should be 
taken into account when characterising faulted reservoir fluid behaviour (Ferrill and 
Morris, 2003). In layered sedimentary sequences it is common for small-scale faults to be 
restricted to beds that are stronger mechanically (such as sandstones) (Nicol et al., 1996; 
Gross et al., 1997; Wilkins and Gross, 2002; Soliva and Benedicto, 2005). Growth of 
faults from strong beds into surrounding clay layers can also be observed at different 
scales and whether or not this occurs is primarily dependant on bed rheology, fault 
displacement and thickness of the clay beds being displaced by the fault (Roche et al., 
2012). The degree of fault geometric complexity associated with stratigraphic 
Figure 9: Diagram showing Mohr-circle failure envelopes for different layers 
varying in strength under normal stress with a weaker rock (B) less likely to fail 
in hybrid mode than a stronger rock (A) (Ferrill and Morris, 2003). 
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heterogeneity influences the variability of fault-zone thickness and geometry (Segall and 
Pollard, 1980; Peacock and Sanderson, 1991; Cartwright et al., 1995; Childs et al., 1996; 
Crider and Pollard, 1998; Peacock, 2002; Walsh et al., 2003). 
Mechanical properties within individual layers can influence fault-zone architecture as 
much as mechanical strengths between layers (Soden and Shipton, 2013). Because rock 
properties directly influence fault growth processes and deformation, accurate prediction 
of fault-zone structure will not be possible only using displacement-dimension scaling 
relationships (Shipton et al., 2006). For example, Soden and Shipton (2013) show that 
more detailed characterisation of mechanical stratigraphy leads to more accurate 
predictions of fault-zone architecture. Their study demonstrates that host rock mechanical 
properties, along with burial history, affects fault-deformation processes and 
understanding these affects will lead to further development of more realistic fault-zone 
structures for permeability models (Soden and Shipton, 2013). 
2.4 Fault Hydraulic Properties. 
The hydraulic properties of fault rock and fault zones has been examined for a range of 
rock types with particular focus on silisiclastic sequences due to their importance for the 
petroleum industry (Chester and Logan, 1986; Wallace and Morris, 1986; Caine et al., 
1996; Childs et al., 1996). The permeability of fault-rock in silisiclastic sequences 
typically ranges from < 10- 19 to 10- 16 m2 with values typically being highest parallel to 
the fault slip direction (e.g. Fisher and Knipe, 2001). Fluid flow through a given rock 
mass is known to be very localised and tortuous, often showing a highly non-linear 
behaviour with respect to deformation (Sanderson and Zhang, 1999; Tsang et al., 2007). 
The majority of such flow is often primarily controlled by a small fraction of architectural 
elements (i.e. fractures) that exist within a fault-zone fracture network (e.g. Seebeck et 
al., 2014). Damage zones, with associated micro fracturing, are also a focus of recent 
research (e.g. Faulkner et al. 2010), with studies showing that for siltstone and sandstone 
lithologies permeability can be 2-4 orders of magnitude higher within damage zones than 
the surrounding host rock. Increasing fracture density towards a fault can lead to increased 
permeability parallel to the dominant fracture orientation (e.g. Wibberley and 
Shimamoto, 2003; Tanikawa et al., 2009). Wibberley and Shimamoto (2003) show the 
variability of permeability across a large fault zone with the lowest values in the central 
part of the fault core (Figure 10). The central slip zone is where most of the crushing of 
host rock and smearing of low permeability fault rock typically occurs and produces clay-
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rich material which reduces permeability. Smaller displacement faults (e.g. < 5 m 
displacement) can also locally influence permeability. Measurements over a 4m wide 
fault zone from Tanikawa et al. (2009) shows two-orders of magnitude variation in 
permeability where the highest and lowest permeabilities are proximal to the primary fault 
surface. Such studies reinforce the idea that the internal components of fault zones can 
act as low permeability barriers and high permeability conduits dependant on a range of 
factors including burial depth, fluid pressure and fluid barriers and viscosity. 
 
 
Although shale smears commonly form in poorly lithified sequences via ductile flow and 
or injection, they can also form in lithified sequences via abrasion/shearing processes 
resulting in thin shale veneers along fault planes (Lindsay et al., 1993; Yielding et al., 
2010). Shale smears usually become more discontinuous with increasing displacement 
with breaks in smears assumed to be sites of lower fault seal potential (Childs et al., 2007). 
Figure 10: Diagrams showing variations in fault permeability across the Median 
Tectonic Line (Wibberley and Shimamoto, 2003).  a) Main structural zones and 
b) permeability data. Cmt = cemented, Inc = incohesive and Cg = crenulated 
gouge. 
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Figure 11 indicates the potential relationships between the clay content of a fault and the 
associated fault rock permeability (Fisher and Knipe, 2001). Fisher and Knipe (2001) 
illustrate the considerable amount of variability in permeability for any given clay content 
within a general trend of decreasing permeability as a function of increased clay content 
(Figure 11). 
In sequences that are sand dominated the most common type of fault rock are 
disaggregation zones and cataclasites (Figure 11) (Fisher and Knipe, 2001; Sperrevik et 
al., 2002; Fossen and Gabrielsen, 2005). When slip occurs in sandstones under relatively 
low confining pressure (< 1 km in depth) dissagregation zones can form (Fossen and 
Gabrielsen, 2005). Grains within dissagregation zones do not undergo fracturing, instead 
they are reorganised within the zone and tend to have similar hydraulic properties as their 
host sandstones (Fossen and Gabrielsen, 2005). By contrast, cataclastic processes due to 
fragmentation of grains and infilling of pore-spaces associated with diagenetic processes 
form at higher confining pressures (> 1 km depth) resulting in cataclasites which 
generally have 2 – 3 orders of magnitude less permeability compared to the host (Fisher 
and Knipe, 2001). Beyond depths of > 3 km, with increasing geothermal gradient (> 90 
°C), post deformation processes such as quartz cementation and clay alteration occur, 
with disaggregation zones and cataclasites becoming altered (e.g. Fisher et al., 2003; 
Cavailhes et al., 2013). 
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It is widely accepted that bulk-rock permeability decreases with increasing depth in the 
crust which is consistent with pore/fracture closure and effective pressure studies (e.g. 
Wei et al., 1995; Ohman et al., 2005; Ishii et al., 2010). Fault-zone architecture, 
kinematics and permeability can be strongly influenced by the depth at which the fault 
formed (Ishii et al., 2010). Fluid migration potential within siltstones is known to change 
with different principal modes of failure, which is directly related to the depth at which a 
fault formed (Ishii et al., 2010). At depths of <400 m fault growth is mainly driven by 
linkage of tensile fractures which is known to generate fault zones of increased 
permeability, whereas at depths exceeding 400 m it is common for shear failure to form 
faults leading to increased fault-rock generation (Ishii et al., 2010).  
 
 
Figure 11: Graph showing permeability plotted against clay content of host rock 
for different types of fault rock using data from the North Sea and Norwegian 
Shelf (Fisher and Knipe, 2011). 
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Studies of fault-rock and fault-zone architecture suggest an inverse relationship between 
the fault-rock permeability and the burial depth (Tanikawa et al., 2009; Morrow et al., 
2014), but this relationship does not always hold as fault-rock permeability, like other 
fault zone characteristics, displays a significant amount of variability (shown in Figure 
12). For example, both shale smear and cataclastic fault rock display up to 2 – 3 orders of 
magnitude variation in permeability at a given depth (Fisher and Knipe, 2001) (Figure 12 
B). 
 
2.4.1 Fault Permeability 
Fault zones can be understood in a 4-D context as deformed volumes of rock with highly 
heterogeneous and anisotropic properties that change and evolve over time within the 
crust (Nicol et al., 2016). While only constituting a small fraction of the crust, faults can 
strongly influence its mechanical and hydraulic properties. Faults comprise numerous 
components (e.g. relay ramps, dilatational jogs, reidel shears) across one or more slip 
planes (e.g. within the fault zone) accommodating a large variability in strain (Caine et 
al., 1996; Childs et al., 1996; Shipton and Cowie, 2001; Faulkner et al., 2003; Childs et 
al., 2009; Faulkner et al., 2010; Michie et al., 2014). The interaction of these factors leads 
Figure 12: Graphs showing the relationship between permeability and maximum 
burial depth for cataclastic fault rock (A) and clay rich (shale smear) fault rock 
(B) from faults in the North Sea (from Fisher and Knipe, 2001). 
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to structural variations along strike and down dip that can occur over relatively short 
distances (Childs et al., 1996; Shipton and Cowie, 2001; Lunn et al., 2008; Faulkner et 
al., 2010; Seebeck et al., 2014). Fluid flow through a volume of rock is usually governed 
by pressure gradients, structural permeability (such as faults, fractures and folds) and host 
rock anisotropy (such as foliation and bedding) (Nicol et al., 2016). Such parameters can 
lead to localised high-volume flow associated with economic mineral deposits within 
fault zones (Sibson, 1996; Cox, 1999; Rowland and Simmons, 2012). The hydraulic 
properties, structure, mechanical behaviour and composition of fault rock can be 
influenced by four main factors which include: 
 Host rock composition and rheology, with emphasis on fine grain clay mineral 
content. 
 Stress conditions during faulting including burial depth, tectonic setting and fluid 
movements. 
 Temperatures post-faulting, relating to burial depth and associated geothermal 
gradients. 
 Syn- and post-kinematic fluid interaction including composition and reaction 
products. 
Permeability, rock mechanics and the structure of fault zones have significant temporal 
and spatial variability which in turn has the potential to impact or modify crustal fluid 
flow and migration (Obeahon et al., 2014). The analysis of the sealing potential of faulted 
low permeability cap rocks and the resultant impact on hydrocarbon migration and CO2 
sequestration make predicting the hydraulic properties of faults important for practical 
reasons.  
At larger scales faults control uplift and subsidence which in turn influences fluid pressure 
gradients, temperature and fluid migration (Hooper, 1991). Smaller scale fault zones 
control flow pathways of fluid during migration through a volume of rock (Barr, 2007; 
Van Hulten, 2010). The structure, fluid flow properties and internal mechanics of fault 
zones are closely coupled and should not be considered or analysed separately from one 
another as this could generate inconsistencies within potential permeability modelling 
and prediction (Faulkner et al., 2010).  
Along fault fluid flow has generally been inferred to be facilitated by open fractures, but 
there is limited data to support this idea and the mechanisms that are associated with 
fracture opening and flow localisation (Cartwright et al., 2007). Along fault permeability 
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can be sufficiently promoted by one or two orders of magnitude between the unfaulted 
seal and fault zone (Cox, 1999; Seebeck et al., 2014). Some studies indicate that along-
fault fluid migration can be up to nine times higher than surrounding host rocks with a 
10-13/10-11 m2 increase in permeability (Ingebritsen and Manning, 2010). Several in-situ 
studies have displayed the extreme complexity of fluid flow through fractured host 
material (e.g. Tsang and Neretnieks, 1998; Cox, 1999). One example includes a ground 
water flow study which indicated that the majority of flow was confined to specific points 
within highly fractured zones of larger faults (Seebeck et al., 2014). Such channelized 
flow is also generally inferred to reflect the heterogeneous structure of fault zones, 
particularly with regards to variations in clusters of joints and in the thickness of low-
permeability fault rock (shown in Figure 13) (Nicol et al., 2016). Numerical models 
support results from in-situ permeability measurements and detailed fault studies. Models 
generated show highly non-linear fluid behaviour and flow localisation for a wide range 
of natural fracture networks which are well connected and critically stressed (Zhang and 
Sanderson, 1998; Sanderson and Zhang, 1999; Tsang et al., 2007). Distribution and flow 
rate variability for such fracture systems can be accounted for within the system if it is 
close to the percolation threshold (e.g. Cox, 1999; Sanderson and Zhang, 1999).  
2.4.2 Connectivity of Faults 
When analysing fluid migration through fault zones it is important to take account of 
connectivity within the fault zone or rock mass as fractures typically control bulk 
permeability. Percolation threshold theory can be used to describe how such networks 
influence fluid flow. Percolation theory incorporates three main network elements which 
includes, i) backbone - connections within the system that are responsible for much of the 
associated fluid flow through the fracture network (usually from one side of the system 
to the other), ii) dead-end - smaller connections that branch off from backbone fracture 
networks, and iii) isolated - networks that are not associated with fluid flow and are often 
disconnected from the main system (Balberg et al., 1991; Cox, 1999; Odling et al., 1999). 
Percolation thresholds are defined by the point where enough elements connect over a 
fault system to allow fluid flow across the width of the zone, thus the reservoir or seal 
becomes permeable (Stauffer, 1987; Zhang and Sanderson, 1998; Berkowitz et al., 2000). 
As a fracture network crosses the percolation threshold large permeability changes are 
achieved by small changes in fracture length (Tsang et al., 2007). 
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The orientation and size distribution of fractures, which relates to the density and spatial 
distribution of fracture networks, contribute to fracture connectivity (Odling et al., 1999). 
As fracture density increases so does the proportion of fracture area within a fracture 
cluster/network. Fracture orientation has a large influence on permeability as fractures 
with similar orientations do not intersect until fracture density becomes high enough, 
whereas fractures at high angles to each other are more likely to intersect and influence 
connectivity. Size and distribution of fractures can also have an important influence on 
connectivity as clusters of shorter fractures will more often than not have less connections 
than clusters of longer fractures (Balberg et al., 1991; Odling et al., 1999). 
A study from Bour & Davy (1997) analysed random fracture patterns in 2D and 
concluded that the exponent of the power-law distribution (cumulative frequency length 
distribution) can be used to quantitatively describe the connectivity within a fracture 
network as it describes the abundance of fractures with varying sizes (Bour & Davy, 
1997). Exponents larger than -1.0 indicate that overall connectivity, and therefore fluid 
flow, is controlled by larger fractures while exponents less than -2.0 are indicative of 
smaller fractures controlling connectivity, and anything falling between these exponents 
suggests that both large and small fractures are contributing to overall connectivity (Bour 
and Davy, 1997; Odling et al., 1999). 
Different types of fault rock in silisiclastic sequences may form due to changes in the 
ratio of coarse grain to fine grained material (sand to clay/shale), to depth of burial, 
amount of displacement, and/or the degree of lithification (Lehner and Pilaar, 1997; 
Aydin and Eyal, 2002). Shale smears can occur over a fault plane (see Figures 6 and 7) 
and are often assumed to thin with increasing distance from the source bed (e.g. Lehner 
and Pilaar, 1997; Aydin and Eyal, 2002; Eichhubl et al., 2005; van der Zee and Urai, 
2005; Yielding et al., 2010).   
2.4.3 Fluid Migration 
Faulting within the earth’s crust strongly influences the migration of subsurface fluids 
and gas (Wade, 1913; Hooper, 1991; Caine et al., 1996; Wibberley et al., 2008; Faulkner 
et al., 2010). A number of factors can influence the hydraulic behaviour of faults and 
these include the rheology and permeability of host and fault rock as well as bulk stress 
conditions, structural anisotropy, differences in pressure across the fault and viscosity of 
the fluids interacting with a fault zone can influences its permeability (Caine et al., 1996; 
Evans et al., 1997; Edlmann et al., 2013).  
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Different fluids are influenced by different forces, e.g. hydrocarbons will flow and 
interact with rock and associated fractures differently to water due to varying physical 
properties such as viscosity (Nicol et al., 2016). Hydrocarbon generation and migration 
(or flow) is commonly driven by burial and sediment compaction; however, hydrocarbons 
can also become mobile in a water saturated system due to displacement pressures, which 
can retard hydrocarbon flow and modify buoyancy potential allowing fluids to rise 
vertically (Nicol et al., 2016).  Displacement potential describes the capillary entry 
pressure required to drive fluids, such as water, out of pore spaces by hydrocarbons. 
Capillary entry pressures can also retard the flow of oil through rock (more commonly 
for fine-grained material) even when there is well established flow of water through the 












Elevated stresses in the crust and fluid pressure gradients have also been thought to 
generate fluid flow pathways (Sibson, 1996; Cox, 1999; Tsang et al., 2007). Several 
geomechanical techniques can be used to predict along-fault fluid migration by utilising 
location and fault geometry, along with estimated stress tensors, from which critically 
stressed points along the fault (which are inferred to promote fluid flow) can be identified 
Figure 13: Block model indicating zone of permeability (red stars) and potential 
fluid migration along a fault zone (Nicol et al., 2016). 
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(see Figure 13) (e.g. Morris et al., 1996; Ferrill and Morris, 2003). Although the theory 
behind such techniques has been widely accepted, the predictions that have been made 
remain unsubstantiated in many cases (Nicol et al., 2016). With limited detailed analysis 
and understanding of mechanisms that lead to along-fault fluid flow, the potential for 
some faults to the integrity of regional seals compartmentalise reservoirs can be difficult 
to assess.  
2.5 Fault Seal Prediction 
2.5.1 Evidence for Fault-seal 
Fault zones comprise anastomosing systems of interacting slip surfaces and fault rock 
which are irregular over scales from millimetres to kilometres (Caine et al., 1996; Childs 
et al., 1996; Evans et al., 1997; Faulkner et al., 2010). Faults can act as both barriers and 
conduits for sub-surface fluid flow, and recent studies suggest that the permeability of 
fault zones may be greater during deformation than after (Ballas et al., 2015). Evidence 
that low permeability fault zones influence fluid-flow include reservoir 
compartmentalisation, across-fault pressure changes, differential subsidence, and the 
accumulation of large volumes of hydrocarbons against fault planes (Hooper, 1991; Van 
Hulten, 2010). Faults have been observed to produce thermal, salinity, seismic and gas 
flux anomalies as well as to induce mineralisation within surrounding host rocks 
suggesting that they can also act as conduits for fluid flow under the right conditions 
(Hooper, 1991; Annunziatellis et al., 2008; Faulkner et al., 2010; Seebeck et al., 2014). 
For example, active faults may cause the permeability of faults zones to increase while 
inactive faults could reduce fault zone permeability, thus suggesting that processes such 
as fault creep may cause fault zones to both act as a conduit and barrier to fluid flow 
during their lifetime (Miller et al., 2004; Leclère et al., 2015). 
Fault seal prediction analyses emphasises the importance of fine-grained fault rock 
associated with local permeability reductions and have primarily been developed for the 
petroleum industry (Yielding et al., 2010; Noorsalehi-Garakani et al., 2013). Fault seal 
analysis is based on the idea that faults form capillary seals (Jennings, 1987; Watts, 1987; 
Yielding et al., 1997; Brown, 2003; Manzocchi et al., 2010; Bretan et al., 2011). 
Hydrocarbon flow and migration is usually locally driven by buoyancy and retarded by 
capillary properties associated with the rock mass from which migration is occurring 
(Carruthers and Ringrose, 1998; Bretan et al., 2011). Fluid migration can be prevented by 
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such capillary forces causing a seal to occur.  Seals are likely to remain established until 
buoyancy forces of trapped hydrocarbons exceed capillary threshold pressures associated 
with the rock initially generating the capillary seal (Nicol et al., 2016). Pore throat size is 
the main factor which controls capillary threshold pressures as the smaller the pore throat 
size the more likely the seal will be able to withstand higher capillary threshold pressures, 
and therefore larger hydrocarbon column, before leaking occurs through the fault zone 
(Yielding et al., 1997; Manzocchi et al., 2010; Bretan et al., 2011). This is important as 
siltstone in interbedded sequences have smaller pore sizes than the sandstones, and when 
smeared, may cause the fault rock to develop higher capillary thresholds and reduced 
permeability meaning the fault is acting as a seal. 
2.5.2 Juxtaposition 
Where a reservoir is faulted against siltstone, in sandstone-siltstone sequences, it is likely 
that a seal will occur via juxtaposition. Where sandstone units are in contact across a fault 
it could be sealing or leaking to cross-fault fluid flow, while it is also possible that the 
fault may be sealing at one location while leaking at the other at any given point of time 
(Nicol et al., 2016). Stratigraphic unit juxtaposition can be visualised by creating Allan 
diagrams which display the hanging wall and footwall, cutoffs of key stratigraphic units, 
over the mapped extent of the fault surface (Allan, 1989). Allan diagrams are commonly 
utilised for both petroleum industry studies and CO2 storage assessment (Bretan et al., 
2011). Cross-fault permeability studies can be regarded as static on production 
timescales, even though displacement evolution and back stripping is incorporated, as 
they do not take into account changes in fault seal during fluid injection (Nicol et al., 
2016).  
2.5.3 Fault Seal Models and Algorithms 
Many studies on fault-rock and fault-seal prediction infer that the generation of fault rock 
is formed from smearing and mixing of clay-rich host rock beds into the fault zone (Nicol 
et al., 2016). Various algorithms have been created for predicting and estimating flow 
properties of faults and analysing their implications for fluid migration. Algorithms used 
for fault permeability predictions are based on conceptual models that incorporate shale 
smear and mixing processes. Shale-smear algorithms assume source bed are 
progressively sheared with increasing displacement and include Clay Smear Potential 
(CSP) and Shale Smear Factor (SSF) methods (Figure 14) (Lindsay et al., 1993; 
Manzocchi et al., 1999; Sperrevik et al., 2002). 
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CSP and SSF contrast with the Shale Gouge Ratio (SGR) which is the most commonly 
utilised method for predicting fault seal. SGR is an algorithm that calculates the shale to 
sand ratio at a specific point on a fault based upon the ratio of shale:sand that has gone 
passed that point (Figure 14, Table 1) (Sperrevik et al., 2002). Calculations for SGR can 
be made along a fault profile using displacement and a measure of the faulted stratigraphy. 
Mapping and modelling of mudstone or siltstone beds from outcrop and well logs (such 
as gamma ray) allows for content of clay to be estimated for SGR and further manipulated 
to generate fault-rock threshold pressures or permeability estimates which can be used in 
fault-seal analyses (Nicol et al., 2016). SGR values and associated relationships between 
both threshold pressure and permeability commonly vary between different fault rock 
studies which is most likely due to a combination of varying burial, diagenetic and/or 






Figure 14: Diagrams illustrating the three main types of fault seal models used in 
industry for permeability predictions within fault zones. Each conceptual model 
has an associated algorithm used for prediction calculations (Yielding et al., 2010). 
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SSF is an alternative method to SGR which assumes fault zone structure is acting as a 
perfect shear zone, the smear being continuous until a critical point is reached (SSFc) 
where the bed becomes discontinuous (Figure 14). A Probabilistic Shale Smear Factor 
(PSSF) can be applied when SSF > SSFc and the discontinuous smear is randomly placed 
between the shale bed cut offs. A fault is inferred to be sealing when multiple smeared 
siltstone beds form an unbroken seal across the fault zone (Childs et al., 2007; Yielding, 
2012). The PSSF method is stochastic and multiple models can be run with, or without, 
varying parameters to test the stability of the results (Childs et al., 2007). 
2.5.4 Validation of Models and Algorithms 
Validation of SGR and SSF methods is limited with only a small number of studies 
comparing SGR/SSF estimates with capillary threshold and trapped column height 
information (Yielding, 2012). The most commonly applied fault-seal prediction methods 
rely on correlations between clay content (usually from lab samples) and threshold 
pressures, which are coupled together with the assumption that SGR provides a proxy for 
fault-rock clay content (Bretan et al., 2011). The basis for this idea is illustrated in Figure 
14 which shows that heterogeneity of reservoir rocks can generate variable SGR profiles 
and calculated capillary threshold pressures linked exponentially to SGR using industry 
standards (Manzocchi et al., 2010; Bretan et al., 2011). Accumulations of hydrocarbons 
Table 1: Summary of potential algorithms used for shale-smear and permeability 
predictions of fault zones associated with shale beds Giger et al., 2013). 
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against sealing faults increases the column height which in turn leads to an increase in 
capillary pressures at the seal-reservoir interface (shown as dotted lines, Figure 15C) 
(Manzocchi et al., 2010). At some point the capillary pressure will match the capillary 
threshold of the fault rock, allowing the migration of fluids across the fault zone. Figure 
15 illustrates that the point at which the seal is breached can vary as it does not always 
occur at; a) the top of the accumulation, b) the hydrocarbon-water contact, or, c) the 
location of lowest SGR (Manzocchi et al., 2010). 
 
 
One study from (Bretan et al., 2011) describes the relationship between SGR to capillary 
threshold pressure data from fault-bounded reservoirs using empirical fault seal envelopes 
(Figure 15). The seal envelopes are calibrated by associated capillary pressure and depth 
data of studied hydrocarbon-water contacts. If a particular fault is controlling 
hydrocarbon column height a defined critical leak point can be established from the 
distribution or spread of capillary pressure vs. SGR data (Figure 15). Specific SGR values 
can be further constrained using multiple sets of capillary pressure/SGR data from 
numerous faults from combined field studies. Figure 15 represents a compilation of 
Figure 15: Diagrams illustrating the use of the Shale Gouge Ratio (SGR) method. 
A) Idealized hydrocarbon column (grey) with arrow indicating migration 
direction. B)  SGR readings along the zone of sand-on-sand offset. C) Capillary 
threshold pressure estimated from SGR information. Black circle indicates seal 
capacity of the fault as the capillary threshold pressure of the reservoir has 
reached the capillary threshold pressure of the fault rock. D) Reservoir capillary 
pressure plotted against SGR with indication of potential leak point (circle) 
(Bretan et al., 2011). 
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known normal faults active at < 2 km depth with assumed across-fault pressures equal to 
capillary pressures (Yielding, 2002). The faults analysed suggest that burial depths can 
influence fault-seal envelopes.  
2.5.5 Uncertainties of Fault Seal prediction  
Calibrations of fault seal methods using empirical reservoir pressures and hydrocarbon 
column height/flow data, along with predictions and application to the field/other fault 
systems, still carries a high level of uncertainty (James et al., 2004). Such uncertainties 
are listed below:  
 Quality or quantity of input parameters are insufficient. This includes 
displacement measurements, fault-rock content and fault-zone geometries. These 
Figure 16: Graphs showing SGR calibrations (Manzocchi et al., 2010). A) Global 
normal fault data with SGR values vs. capillary pressures associated with analysed 
faults. Small groups of circles represent all data for individual faults (as shown in 
Figure 15D), while large circles represent “critical leak points” (circle in Figure 
15C/D). Colour represents depth of fault burial with blue corresponding to < 3 km 
depth, red 3 – 3.5 km depth, and green being 3.5 – 5 km depth. B) Fault seal failure 
envelopes generated from (A) and further compared with capillary threshold 
measurements from laboratory studies (Gibson, 1998; Sperrevik et al., 2002) based 
on a hydrocarbon-water interface tension of 40mN/m at 30 °. Dashed lines 
represent seal failure envelopes for shallowest and deepest depth classes (Yielding 
et al., 2010). 
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parameters are key for producing representative flow simulations which are non-
unique (James et al., 2004). 
 Definitions for shale-smear geometry and fault-zone structure are limited/not 
detailed enough for models which introduces further uncertainty as heterogeneous 
structure of fault zones may not be fully captured (James et al., 2004). 
 Unmapped, sub-seismic, faults may alter clay smear geometries on a local scale 
(Nicol et al., 2016). 
 Defining clay content of fault zones from gamma ray logs varies significantly and 
is often model dependant, and fault-seal prediction may also vary depending on 
where the sand/mud dominated rock type change is delineated (Nicol et al., 2016). 
 Physical properties and geometries of clay smear has potential to be altered by 
mineralogy and diagenesis which are not explicitly accounted for in the 
algorithms currently in use (Nicol et al., 2016).  
 Capillary threshold pressure data and/or column height information is rarely 
utilised for fault-seal prediction with little validation of fault seal for a given basin 
or reservoir containing the faults of interest. There are still uncertainties whether 
using global input parameters/calibration for local application is correct (Nicol et 
al., 2016). 
Though fault seal predictions are common practice throughout CO2 and petroleum 
industries, such uncertainties suggest that fault seal prediction models and results may be 
interpreted differently from one person to the next which has broad implications for fault 
seal model utilisation.  There are doubts within the petroleum industry whether faults seal 
on geological timescales (Vrolijk et al., 2012; Hermanrud et al., 2014). On the other hand 
there is increasing evidence to suggest that fault seal can be effective on production 
timescales (Manzocchi et al., 2010). Both the CO2 and petroleum industries provide 
insights into how faults control and influence reservoir compartmentalisation. To test 
fault-seal methods, and ultimately improve the predictive power of fault analysis, a 
clearer understanding of the heterogeneites and processes that produce low permeable 
fault rock is required. Up to date knowledge and fault seal datasets are held by large 
petroleum companies which either unpublished or not inaccessible to the public and these 
data are required to facilitate further advances in fault seal prediction modelling (Nicol et 
al., 2016). 
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2.6 Summary 
Examining how faults interact with reservoirs and influence fluid flow is important for 
many industries including petroleum, CO2 storage, geothermal and nuclear. Fault zones 
are complex and vary both spatially and temporally. Knowledge of the interactions 
between hydrocarbons and faults provides information on fault-sealing and migration 
processes. Numerical flow simulations, algorithms and geomechanical models are useful 
for understanding fluid flow (i.e. CSP, SSF and SGR methods). Information obtained 
from these models can be used to constrain hydrocarbon migration processes and, with 
technological advances, can allow testing and validation of results gained from models 
with fine-tuning of structural and stratigraphic input parameters (Manzocchi et al., 2010; 
Vrolijk et al., 2012; Hermanrud et al., 2014). However, in order to interpret the models 
there is a need to better understand of the input parameters and associated uncertainties. 
Key areas of future focus that arise from these studies includes; a) further defining, 
improving and quantifying the geometries and hydraulic properties associated with fault 
zones, b) advancing flow simulations and geomechanical flow predictions coupled with 
sensitivity testing, and c) validation and further testing of such models using information 
gathered from empirical fluid flow observations from various fault zones (Nicol et al., 
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3 DATA AND METHODS 
3.1 Introduction 
This chapter provides an overview of how the research objectives set out in the previous 
chapter 1 will be achieved. It presents data collection and analysis methods, and discusses 
the limitations of the data. The data were mainly sourced from outcrop-scale observations 
coupled with laboratory based analysis designed to provide micro-scale information of 
the faulting. Descriptions of the observations and interpretation of the results are 
presented in chapters 4 and 5, respectively. 
3.2 Field-data Collection 
A large amount of fault data have been collected from the Mount Messenger Formation 
(e.g. Childs et al., 2005; Childs et al., 2007; Giba et al., 2010; Nicol et al., 2013). These 
studies present information on the geometries, kinematics, fault-zone architecture and 
permeability of faults. Of particular relevance to this study Childs et al., (2007) developed 
the probabilistic shale smear factor (PSSF) methodology using fault observation and 
analysis from the Mount Messenger Formation. This thesis builds on Childs et al., (2007) 
by measuring and analysing dip-parallel variations in fault attributes (e.g. fault 
displacement, fault-zone width, and fault-rock thickness and grain size distribution). 
Data were primarily gathered from small normal faults (< 0.3 m displacement) exposed 
in sea cliffs of the Mount Messenger Formation along the Northern Taranaki coast (Figure 
2 and Figure 58). These data have been collected to help quantify the geometric 
complexity and variations of hydraulic properties along fault zones. Observations can be 
used to produce models and algorithms that reflect fault-seal processes. All faults 
analysed displace interbedded fine – very fine sandstone to coarse – very coarse siltstone 
sequences with varying thickness from 2 to 60 cm for the sandstones and 0.9 to 29 cm for 
the siltstones (e.g. Figures Figure 65 – 71). The Mount Messenger Formation was subject 
to burial depths of less than 1.5 km during faulting with little mineralization in fault zones. 
The faults studied have 100% exposure at scales of 1 mm or greater.  
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For the purpose of this thesis six faults were studied in detail. Summaries of the fault 
locations, geometries and sample measurements are presented in Tables 2 and 3, 
respectively. The data collected from each fault includes measurements of fault-zone 
thickness, fault-rock thickness, bed displacement (i.e. throw) and number of deformation 
bands (Tables 13 – 19: appendix). These measurements were accompanied by grain-size 
analysis of individual sandstone and siltstone beds and fault rock derived from the host 
rock (Tables 21 – 26: appendix). In addition, a limited number of samples were subject 
to Scanning Electron Microscope (SEM) and thin section analysis to examine fault 
microstructure. Data were collected from a restricted range of fault types, fault sizes and 
sample lengths to limit the scope of this study. This information may apply to faults of 
several tens of metre displacement, however upscaling of results from this thesis have not 
been specifically examined. In all cases the distance over which a fault could be sampled 
was constrained by vertical reach (i.e. ladder height and personal reach). Cleaning and 
preparation of outcrops was carried out using a flat-head scraper to smooth the rock 
surface and a compressed water sprayer was utilised to remove loose sediment and expose 
finer structural details within the fault zones. 
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3.2.1 Field Measurements 
The following measurements were collected along each fault in the field and are described 
below. General descriptions of the faults and the data collected for each are given in 
Tables 2 and 3 (for definitions of terms and abbreviations refer to page xvi). All data are 
two dimensional (2D) and were collected from line samples usually approximately 
parallel to the dip of the fault plane. The samples are of limited extent and in most cases 
likely only record data from a small proportion (<5 %) of the dip-parallel dimension of 
the fault surface. Data were analysed in Excel and have been compared to data from the 
literature. 
3.2.1.1 Fault-zone thickness 
Fault-zone thicknesses were measured at uniform spacings of 5 cm for 5 faults and 10 cm 
for one fault (Table 2). In each case fault-zone thickness was measured normal to the fault 
zone between the outermost synthetic deformation bands or minor faults. As the faults 
studied are generally isolated from other faults these measurements were generally 
unambiguous with little uncertainty in identifying which synthetic structures form part of 
the fault zone. Fault-zone thicknesses range from 0.5 to 55 mm. The lower bound of this 
range is defined by what is considered to be the smallest reliable measurement observed 
at outcrop scale. 
3.2.1.2 Fault-rock thickness 
Fault rock includes material and fragments of host rock that have been dragged into the 
fault zone and/or crushed during faulting for which the original sedimentary fabric cannot 
be recognised. Fault-rock was predominantly recorded in deformation bands and fault 
rock thicknesses of individual bands have been summed across fault zones, and normal 
to the deformation bands (Figure 17). Where fault rock is represented by a single 
deformation band with a thickness <1 mm its width is assumed to be 0.5 mm. For the 
purpose of this thesis total deformation band thickness has been calculated by multiplying 
the number of bands with an average thickness of 0.7 mm (Fossen et al., 2007). Data on 
fault-rock thickness were measured at 5 cm intervals for (Pukearuhe A, B and C, and 
Tongaporutu A and B) and every 10 cm for Rapanui A (refer to Table 2). Fault-rock 
thicknesses range between 0.5 mm and 13 mm, and as with fault-zone measurements, the 
lower bound of this range is defined by what can reliably be observed at outcrop scale. 
Smearing and slicing fault-rock geometries (shown in Figure 17) have also been noted 
for all beds that have been fully displaced. 
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3.2.1.3 Deformation bands 
Deformation bands range up to several mm in thickness and contain cataclastic material 
generated by displacements which are typically <5 cm (Fossen et al., 2007). Information 
on deformation bands has been gathered by counting the number of synthetic bands within 
the fault zone every 5 cm or 10 cm (refer to Table 3) along the fault profile. In the Mount 
Messenger Formation deformation bands vary from 0.5 mm to 2 mm in thickness with an 
average of 3 deformation bands at each sample location; the number of bands generally 
increases with rising displacement (Nicol et al., 2013). 
  
Figure 17: Schematic cross section illustrating a displaced siltstone bed 
(blue polygon) for a normal fault with both discrete displacement (blue 
circle) and smearing (red circle) of the siltstone bed. Fault-zone 
thickness (A), Deformation band (B), displacement (C) and fault-rock 
thickness (D: comprising the sum of the fault rock and all synthetic 
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3.2.1.4 Displacement  
Fault displacement has been determined by measuring the vertical separation (i.e. throw) 
between displaced beds which, prior to faulting, were continuous and approximately 
horizontal. Unlike the other fault parameters described above, which were measured at 5 
cm or 10 cm intervals, displacement was measured on all bed boundaries that could be 
confidently correlated across the fault plane. In cases where beds were dragged or 
smeared into faults (e.g. siltstone bed in the hanging wall of the fault in Figure 17), the 
bed rotations were considered as part of the displacement field (i.e. bed rotations are 
incorporated into the displacements by measuring where between near-horizontal parts 
of the beds). Displacements ranged from 1 mm to 290 mm. The throw has been used to 
calculate shale smear factor (SSF), shale gouge ratio (SGR) and clay smear potential 
(CSP) values using each of the siltstone beds sampled. The high densities of 
measurements provide high fidelity information on fault displacement variations.  
3.3 Laboratory Analysis 
All sample preparation and analysis was completed in laboratory facilities at the 
University of Canterbury (UC), Christchurch, New Zealand. Grain-size and thin section 
analysis was conducted the Department of Geological Sciences and SEM in the 
Department of Mechanical Engineering. 
3.3.1 Grain-size Distribution (GSD) 
Particle sizing analysis was conducted on over 150 samples of fault and host rock using 
a Saturn DigiSizer II Laser Diffraction Particle Size Analyser (LDPSA). The LDPSA 
instrument uses light scattering analysis to capture a high resolution, digital representation 
of the grain-size distribution pattern produced from each sample analysed (Micromeritics, 
2017). Data collected was binned into appropriate grain-size ranges which fall within the 
instruments range detection of 0.04 – 2500 µm (Tables 21 – 26: appendix). An example 
LDPSA output graph can be found in the appendix (Figure 71). 
 
 
Chapter 3: Data and Methods 
Henry Winter - May 2017   41 
Sample preparation was carried out by mixing 1 cm3 volumes of sand or mud samples per 
beaker containing 50 mL of sodium hexametaphosphate (referred to here as calgon) at a 
concentration of 25 mg/L, an anticoagulant and deflocculant, which promoted breakdown 
of the samples into individual grains. This method of chemical dispersion is widely used 
(Ryzak and Bieganowski, 2011) and verified as an effective method under international 
standards (ISO 11277, 2009). This process of anticoagulation was conducted on 
individual samples for time intervals ranging from approximately 1 day to more than 2 
months. Once broken down, the sample is then mixed using a laboratory magnetic stirrer 
(IKA C-Mag MS 4; Figure 18) until all sediment is suspended within the beaker. This 
method has been adopted due to the reduced amount of human induced mechanical 
breakdown of the sample that it causes. Samples are then transferred to the LDPSA 
sample handling unit using a pipette until an adequate sample load was reached within 
the particle-sizer (between 8 % – 10 % obscuration). Finally, the LDPSA scans the sample 
3 times (to assure statistically significant results) with a chamber flow velocity of 600 
rpm. Grain-size distribution graphs are generated on a PC connected to the LDPSA and 





Figure 18: Sketch showing step by step sample preparation for sample extraction 
before grain-size analysis. 1) raw sample, 2) mixing atop magnetic stirrer, 3) sample 
extraction using pipette during mixing, and 4) sample placement inside sediment 
handling unit of the LDPSA. 
1 2 3 4 
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The grain-size analysis method adopted has a number of limitations. The LDPSA used 
has a lower-detection limit of <0.04 µm (does not routinely detect grains below this 
value), however, all samples were above this limit. Sample extraction and representative 
sample issues have been minimised by unbiased sample extraction using the magnetic 
stirrer with three individual five-minute particle-sizer scans to reduce the influence of 
particle orientation disrupting the measurements. Contamination issues were minimised 
by rinsing the LDPSA after each sample scan and thoroughly cleaning sampling 
equipment between each sample. One time use pipettes were utilised to ensure 
uncontaminated sample preparation. 
Fault rock was often difficult to sample for grain-size analysis without contamination 
from host rock which was particularly true for shale smear samples as they were typically 
thin (<1 cm). Extra care was taken when preparing fault-rock samples to minimise 









Figure 19: Sketch showing process of grain-size analysis inside Saturn Digisizer II 
laser diffraction particle size analyser (LDPSA). 1) Moving laser source, 2) laser 
beam, 3) cell holding circulating sample, 4) lens and, 5) element detector (modified 
from Micromeritics, 2017). 
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3.3.2 Scanning Electron Microscope (SEM) 
A scanning electron microscope (SEM) has been utilized to observe the micro-structure 
of fault-zones at the scale of individual grains (conducted by Gabby Watson). High 
resolution SEM images of host and fault rock provided a wide range of information 
including grain-sizes, grain alignment, grain disaggregation and chemical composition. 
These data help constrain the processes that might influence grain-size distribution and 
overall fault structure. SEM analysis also permits comparison of micrometre-scale 
processes, to cm and mm scale processes observed in outcrop. Such comparisons could 
lead to insights on the scaling of structures and how feasible it may be to upscale 
observations made here to faults with displacements of metres or kilometres. 
Preparation of SEM samples includes selecting areas of interest from the sample (i.e. fault 
rock such as shale smears or deformation bands), cleaning (with an uncontaminated 
small-scale scraper followed by compressed air to remove lose grains) and mounting 
individual levelled samples of interest onto small plates using epoxy glue which is painted 
in gold to allow sample discharge onto base plates (LTI, 2017). Once secured samples 
were coated in liquid carbon to assure conductivity and placed inside a vacuum to check 
for loose particles and to remove air before being inserted inside the SEM for scanning. 
Samples of both host and fault rock have been analysed and high resolution topographic 
and chemical composition images were generated (this thesis examines the topographic 
images only). 
3.3.3 Thin Section Analysis 
Thin sections for a limited number of samples were created by Rob Spiers (a lab 
technician within the Geological Sciences Department at UC) for the faults (Error! 
eference source not found.) and analysed. Fault and host rock thin sections have been 
observed using a petrographic optical microscope. Thin section analysis has allowed 
further insight into how individual grains may be interacting with each other during 
faulting processes within interbedded sandstone and siltstone lithologies.  
Cementation of sampled outcrops was mainly absent which aided in sample extraction 
but meant that sample preservation (such as for SEM and thin section analysis) was not 
ideal as samples would fracture and disintegrate along shear planes and deformation 
bands during preparation.  
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3.4 Schmidt Hammer Testing 
The Schmidt Hammer was used during fieldwork to provide an indication of the relative 
strengths of sandstone, siltstone and fault rock within the faulted Mount Messenger 
Formation. Where possible Schmidt Hammer measurements of fault rock and host rock 
(including sandstone and siltstone beds), were repeated 5 times and averaged (Table 20: 
appendix). Instrument sensitivity was an issue for some lithologies and outcrops within 
the study area. The available Schmidt Hammer utilised for this study was an analogue 
instrument and where the rock was weak in some cases failed to record a value >0.  
Schmidt Hammer results are presented here and have not been converted to unconfined 
compressive strength (UCS) as no density measurements have been acquired to enable 
strengths to be calculated. Weathering and/or salt precipitation could increase the 
apparent strength of the samples and to reduce the possible impact of these processes 
outcrops subject to Schmidt Hammer were scrapped back 1 – 5 cm.  
3.5 Summary 
Methods outlined here and data collected for this thesis were derived from field work 
measurements and sample collection together with laboratory analysis. All laboratory and 
data analysis were conducted at the University of Canterbury. Where possible biases and 
limitations of data collection have been minimised to increase the utility of the results. 
Six small normal faults have been studied in detail. To facilitate analysis 151 samples and 
2377 measurements were collected. Samples were used for grain-size, thin section and 
SEM analysis. Measurements were used to quantify fault-zone geometries, displacements 
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4 FIELD AND LABORATORY 
OBSERVATIONS 
4.1 Introduction 
Chapter 4 details observations and data gathered during field and laboratory work for this 
thesis. The contents of this chapter follow the progression of field work sampling and 
description of individual faults, through to laboratory analysis. Results include: fault-zone 
thickness, fault-rock thickness, deformation band, displacement, and strength data 
together with laboratory-derived observation including grain-size distributions, SEM 
imaging and available thin-section results. Information presented here is interpreted in 
the Chapter 5. 
4.2 Outcrop Analysis 
Insitu observations and measurements of fault-zone architecture for six faults are 
presented in (Figure 20 - Figure 22). Photographs of each fault stitched together using 
CorelDRAW software can be found in the Appendix of the theis (Figure 65 - Figure 67). 
Further information on the number of samples gathered for each fault has been outlined 
in Tables 2 and 3. Detailed photographs and descriptions of each fault are presented from 
north to south in sections 4.2.1 to 4.2.6. Data collected for each fault has been tabled and 
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4.2.1 Rapanui A 
Fault Rapanui A displaces 12 siltstone beds and 13 sandstone beds by an average of 2.3 
cm over a fault length of 6.8 m (e.g. Figure 20 and Figure 65: appendix). The majority of 
sandstone beds have 50 – 120 µm diameter (very fine – fine sand) and the siltstones 8 – 
105 µm grains (medium silt – very fine sand). Rapanui A has an average of 3 deformation 
bands, 2.4 mm of fault-rock and 4.6 mm in fault-zone thickness over the length of the 
sampled fault. Two - three deformation bands host the majority of fault rock along this 
fault with displacement commonly confined to a single band at each siltstone bed 
intersection. Deformation bands commonly splay out and form clusters in the sandstone 
beds. Smearing of siltstone beds into the fault zone is not common along this fault with 
discrete displacement of beds dominating. The fault itself comprises several bends which 
are usually located near siltstone beds. The fault shows little evidence of segmentation.  
 
Figure 20: Photographs showing sections of Rapanui A fault where it displaces 
siltstone beds F and G (A), I (B), and J and K (C). Red arrows indicate deformation 
bands. Fault is located located 300m along Rapanui Beach north of the Rapanui 
stream (approximately 1.5 km drive north of Tongaporutu River). See Table 2 for 
details of the fault and Figure 58 for its location. 
A C B 
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  I 
1 cm 2 cm 
  F 
  G 
1 cm 
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4.2.2 Tongaporutu A 
Fault Tongaporutu A displaces 11 siltstone beds and 12 sandstone beds with an average 
displacement of 12.9 cm over a fault length of 3.4 m (e.g. Figure 21 and Figure 66: 
appendix). The majority of sandstone beds have grain-sizes of 90 – 120 µm (very fine – 
fine sand) and the siltstones 5 – 60 µm (fine silt – very fine sand). Tongaporutu A has an 
average of 2.5 deformation bands, 3.4 mm of fault-rock and 12.5 mm in fault-zone 
Thickness over the length of the fault profile sampled at 5 cm intervals. Bends and steps 
within the fault zone are common along this fault, usually occurring near siltstone beds.  
Displacements are commonly contained within two - three primary deformation bands 
which all produce fault rock of varying thicknesses along the fault. Displaced siltstone 
beds are commonly subjected to confined or discrete displacement, although some 
smearing and distributed shear of siltstone and sandstone beds also occurs. 
Figure 21: Photographs showing sections of Tongaporutu A fault where it displaces 
siltstone beds D, E and F (A), G (B), and J (C). Red arrows indicate deformation 
bands. Fault is located 600m south of the Tongaporutu River mouth on the coastal 
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4.2.3 Tongaporutu B 
Fault Tongaporutu B displaces 7 siltstone beds and 8 sandstone beds with an average 
displacement of 0.5 cm over a fault length of 2.7 m (Figure 22 and Figure 67: appendix). 
The majority of sandstone beds have grain-sizes of 100 – 120 µm (fine sand) and the 
siltstones beds 5 – 60 µm (fine silt – very fine sand). Tongaporutu B has an average of 
1.2 deformation bands, 0.88 mm of fault-rock and a 1.08 mm fault-zone thickness over 
the length of the fault sample. Displacement is primarily confined to a single deformation 
band apart from a small splay near the top of the fault. The fault is almost straight with 
limited bends or steps, and no clear evidence of smearing. No fault rock was sampled 
from this fault as the fault-rock was too thin.  
  
Figure 22: Photographs showing sections of Tongaporutu B fault displaces siltstone 
beds D (A), E (B), and F (C). Red arrows indicate deformation bands. Fault is 
located 1 km along the beach south of the Tongaporutu River-mouth. See Table 2 
for details of the fault and Figure 58 for its location. 
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4.2.4 Pukearuhe A 
Fault Pukearuhe A displaces 8 siltstone beds and 9 sandstone beds with an average 
displacement of 12 cm over a fault length of 3.6 m (Figure 23 and Figure 68: appendix). 
The majority of sandstone beds have grain-sizes of 40 – 115 µm (very coarse silt – fine 
sand) and the silts 8 – 100 µm (medium silt – very fine sand). Pukearuhe A has an average 
of 2.8 deformation bands, 3 mm of fault-rock and 8.2 mm in fault-zone thickness over the 
length of the fault sample. This fault offsets a predominantly silt rich fine sandstone 
interbedded with coarse siltstone beds. Signs of cross-bedding are present usually at 
sandstone/siltstone horizons. One - two deformation bands generate the majority of fault-
rock seen along this fault profile with displacement commonly confined to one 
deformation band. Several very thin deformation bands are observed in some parts of the 
sandstone beds usually at the tops of siltstone beds. This fault is relatively straight with 
small bends and little evidence of steps. Slicing of siltstone beds is a common feature of 
this fault with limited evidence of shale-smearing.  
Figure 23: Photographs showing sections of Pukearuhe A fault displacing siltstone 
bed C (A), siltstone bed F (B), and siltstone bed H (C). Blue circles indicate 
deformation bands. Fault is located on a cliff face 5 m from the Pukearuhe beach 
front/Whitecliffs walkway car park. See Table 2 for details of the fault and Figure 
58 for its location. 
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4.2.5 Pukearuhe B 
Fault Pukearuhe B displaces 8 siltstone beds and 9 sandstone beds with an average 
displacement of 27 cm over a fault length of 3.05 m (Figure 24 and Figure 69: appendix). 
The majority of sandstone beds have grain-sizes of 20 – 110 µm (coarse silt – fine sand) 
and the siltstone beds 6 – 100 µm (fine silt – very fine sand). Pukearuhe B has an average 
of 3.8 deformation bands, 4.7 mm of fault-rock and 19.7 mm in fault-zone thickness over 
the length of the fault sample. Several small deformation bands responcible for the 
majority of displacements along this fault with 1-2 deformation bands generating the 
majority of fault rock. Faulting and smearing of the siltstone beds is common along this 
fault. Siltstone beds are generally laminated and often host coarser lithics similar to those 
in the adjacent sandstone beds. Bending of the fault plane occurs proximal to siltstone 
beds. Fault rock sampling from this fault was limited as the fault could not be reached 
(due to beach-sand erosion) when sampling was conducted. 
 
Figure 24: Photographs showing sections of Pukearuhe B fault displacing siltstone 
bed A (A), siltstone bed B (B), and siltstone bed H (C). Blue circles indicate 
deformation bands. Fault is located 900m along the beach north of the Whitecliffs 
car park. See Table 2 for details of the fault and Figure 58 for its location. 
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4.2.6 Pukearuhe C 
Fault Pukearuhe C displaces 20 siltstone beds and 21 sandstone beds with an average 
displacement of 15.4 cm over a fault length of 4.5 m (Figure 25 and Figure 70: appendix). 
The majority of sandstone beds have grain-sizes of 60 – 110 µm (very fine – fine sand) 
and the siltstone beds 7 – 90 µm (fine silt – very fine sand). Pukearuhe C has an average 
of 3.4 deformation bands, 2.4 mm of fault-rock and 9.6 mm in fault-zone thickness over 
the length of the fault sample. Displacements on this fault are primarily confined within 
two – four anastomosing deformation bands which generate the majority of fault rock. 
Smearing and discrete faulting of the siltstone beds is common.  
4.3 Fault-zone Architecture 
Fault-zone architecture has been analysed with the aid of distance-dimension graphs 
(Figure 32 - Figure 31). The resulting graphs plot a range of variables including host-rock 
bed location (measured from foot-wall), displacement, fault-rock and fault-zone 
thicknesses, deformation band count and calculated smear predictions (SSF, SGR and 
CSP). 
Figure 25: Photographs showing sections of Pukearuhe C fault displacing siltstone 
bed D (A), siltstone bed H (B), and siltstone bed S (C). Blue circles indicate 
deformation bands. Fault is located on a cliff face 10m from the Whitecliffs walkway 
carpark (5m from Pukearuhe A fault). See Table 2 for details of the fault and Figure 
58 for its location. 
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4.3.1 Fault-rock and Fault-zone Thickness Variations 
The graphs in Figures 26-37 show that both fault-rock and fault-zone thicknesses vary 
along each of the faults sampled. These variations primarily reflect changes in the upper 
bounds of the thicknesses with the lower bounds typically being 0.5 to 1 mm and defined 
by the observational limits of the data. Fault-rock thicknesses along each fault sampled 
generally range by about an order of magnitude with changes as low as a factor of three. 
By contrast variations in fault-zone thickness generally exceed a factor of 20. Thickness 
variations for both fault rock and fault zones are positively related, with the thickest and 
thinnest values for each measurement commonly being at similar locations along each 
fault. In part this correlation occurs because fault-rock and fault-zone thicknesses are the 
same at numerous points on each fault (see filled circles on Figs 27). On individual faults 
thicknesses appear to show a weak correlation with bed lithology. Many of the thinnest 
measurements occur where the faults displace siltstone beds. In addition, there are 
differences in the thickness populations between faults, with higher displacements 
generally being associated with greater ranges of thickness and larger mean values. Such 
increases in fault-rock and fault-zone thicknesses with rising displacement is consistent 
with previous work on the Mount Messenger Formation and also for faults in other 
siliciclastic sequences (e.g. Childs et al., 2007, 2009; Nicol et al., 2013). 
4.3.2 Deformation-bands 
Much of the fault-rock thickness measured was generated by one or more deformation 
bands. The number of deformation bands varies along each fault from a minimum of 1 to 
maximums of 2-20 (Figures 26, 28, 30, 32, 34 & 36). The lower and upper limits of these 
maximums are defined by faults with the smallest and largest displacements (see Figures 
27 and 31). A positive correlation between displacement and maximum number of bands 
has been proposed by Nicol et al. (2013), however more data are required to confidently 
draw this conclusion from the present study. On individual faults variations in the number 
of bands appears to be positively related to fault-rock and fault-zone thicknesses (Figures 
27, 29, 31, 33, 35 & 37). The positive relationship between number of bands and fault-
rock thickness is to be expected given that the range of band thicknesses is relatively 
small (i.e., 0.5 to 2 mm). The positive relationship between the number of bands and fault-
zone thickness arises because these variables are both greatest at locations where the 
bands form clusters or bundles (for further discussion of these clusters see Nicol et al., 
2013). Between these clusters the bands pinch together and decrease in number, in many 
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cases reducing to a single band. The separation between clusters on each fault (i.e. the 
distance between peaks in the number of deformation bands in (Figures 27, 29, 31, 33, 35 
& 37), is typically <1 m and does not appear to be strongly related to displacement. The 
locations of clusters are however related to stratigraphy with clusters being generally 
confined to sandstone beds. 
4.3.3 Displacement and Smear 
Observations in this thesis suggest that displacement and smear show a moderate to poor 
relationship as shale-smear predictions (i.e. SSF, SGR, and CSP) in part because siltstone 
beds are not always smeared along faults. As a consequence, smearing of siltstone beds 
are not always positively related to fault-rock or fault-zone thickness as suggested by the 
results in Figure 32- Figure 31 which show significant disparity between fault-rock 
thickness and expected smear location (consistent with outcrop information on smear 
summarised in Table 12). Shale smears have been defined as any visibly displaced 
siltstone that has been entrained into the fault zone (dragged or sliced) with a clear 
connection from one siltstone slice to the next. For no smear the siltstone bed displays no 
visible entrainment of siltstone into the fault zone. For the faults studied in this thesis, 
smear and no smear were observed on each individual fault with limited correlation to 
siltstone bed thickness. A variety of smear geometries were observed from 100% 
continuous smear to only small smear (i.e. evidence of a limited amount of drag of 
siltstone bed into the fault-zone). A total of 55 siltstone beds were measured for shale 
smears with 31 observations of smear (56%) and 24 observations of non-smeared beds. 
Given that just over half of the siltstone beds measured showed evidence for shale-smear 
over varying displacements and bed thicknesses means there is high uncertainty when 
assessing when a siltstone bed will and wont smear. 
4.4 Fault-rock Grain-size 
A digital particle sizer has been utilised to produce grain-size distribution graphs of 
siltstone and sandstone beds adjacent to each fault and from fault rock along each fault 
(Figures 40 - 45). Furthermore, SEM and thin-section analysis has been conducted on 
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Figure 38: Graph showing all sandstone and siltstone beds, and fault-
rock grain-size distributions sampled next to, and within, fault 
Rapanui A 
Figure 39: Graph showing all sandstone and siltstone beds, and 
fault-rock grain-size distributions sampled next to, and within, fault 
Tongaporutu A. 
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Figure 40: Graph showing all grain-size distributions for sandstone and 
siltstone beds sampled next to fault Tongaporutu B. No fault rock was 
sampled due sampling issues arising because beds were not completely 
displaced and fault-rock was too thin to reliably sample. 
Figure 41: Graph showing all sandstone and siltstone beds, and fault-
rock grain size distributions sampled next to, and within, fault 
Pukearuhe A. 
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Figure 42: Graph showing all sandstone and siltstone beds, and fault-
rock grain size distributions sampled next to, and within, fault 
Pukearuhe B. 
Figure 43: Graph showing all sandstone and siltstone beds, and fault-rock 
grain size distributions sampled next to, and within, fault Pukearuhe C. 
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Results for all sample grain-size analysis from individual faults show that within the 
sampled region of North Taranaki the sandstone samples comprise an average of 69% 
sand (840 – 45.1 µm), 29% silt (45 - 1.5 µm), and 2% clay (1.4 - 0.04 µm), while siltstone 
samples contain an average of 20% sand (840 – 45.1 µm), 75% silt (45 - 1.5 µm), and 5% 
clay (1.4 - 0.04 µm). Grain-size distributions for sandstone beds are usually dominated 
by a single mode from 90 – 300 µm with a long tail of silt and clay sized particles. By 
contrast the grain-size distribution for siltstone beds is generally spread across a broad 
modal peak. In addition, some siltstone beds contain a small medium to coarse sand 
fraction which provides a second mode (e.g. Figure 41). 
Grain-size analysis of sandstone and siltstone beds deformed by faulting suggest that they 
respond differently to shear strains. Cataclasis and smearing are common within the study 
area. Faulted siltstone host rock generally does not show significant grain-size reduction 
while sandstone host rock can experience appreciable grain-size reduction. Cataclasis of 
sandstone beds can produce reductions in grain-size that create fault rock with similar 
grain-size distributions to host siltstone (Figures 40, 41, 43, 44 and 45). Bulk average 
grain size change for fault-rock derived from siltstone shows a slight increase in both the 
sand (3.6%) and clay (2.1%) portion of the sample, with a small decrease in the silts. The 
average grain-size reduction for sandstone beds produces an average decrease in the sand-
sized particles of 42%, an increase in the silt-sized particles of 36.7%, and a 5.6% increase 
of the clay-sized fraction. 
4.5 Relative Rock Strength  
Siltstone beds within the Mount Messenger Formation generally protrude further than 
sandstones in outcrop, which suggests siltstone beds are eroding at a slower rate than 
sandstone and may be stronger. Previous UCS measurements suggest that the Mount 
Messenger Formation is relatively weak (UCS <12 MPa, Perrin pers com., 2012). 
Schmidt Hammer measurements are, on average, greater for siltstones than sandstone in 
the source outcrops (Table 20: appendix). If the Schmidt Hammer data provide a proxy 
for rock strength, then these observations support the hypothesis that siltstones are the 
slightly stronger of the two lithologies. However, at outcrop scale there was evidence that 
siltstones have deformed in a more brittle fashion. Fault rock displaced a wide range of 
Schmidt Hammer measurements and could be both stronger and weaker than the host 
rock.  
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4.6 SEM and Thin Section Analysis 
SEM analysis of sandstone host rock and fault rock from a deformation band associated 
with the host sandstone (Figure 44) indicates grain-size reduction consistent with 
cataclasis. Host rock sandstone shows larger irregular angled grains (section A) compared 
to the fault rock. Within the fault rock there are finer grains/groundmass (section B) which 
have most likely formed due to cataclasis. Larger grains from the host rock have been 
rounded and reduced in size to form a more regular sub-rounded pattern throughout the 
fault rock supporting the cataclasis model. The transition from host rock to fault rock is 
also visible as fine grained ground mass and rounding of grains increases away from the 










Figure 44: Photographs produced from SEM along a faulted sandstone from the 
study area showing cataclastic processes. The host rock (A), deformation band (B) 
and the transition zone from unfaulted host rock to faulted host rock and fault rock 
(C) are visible in high detail. Unfaulted host rock grains are much more angular and 
elongated (red dots) than the faulted host rock grains which are notticably rounder 
(blue dots). 
A B C 
1 mm 
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Thin section of a shale smear (Figure 45) shows a discontinuous shale smear with 
unevenly distributed slices of siltstone/siltstone along the length of the sheared sample. 
The shale smear does not display a characteristic tapering which may be due to the large 
number of small slip surfaces encompassing the smear. Such complexities may make it 
difficult to predict shale smear and its potential to impede fluid flow. Figure 48, a small 
individual section from Figure 47, shows micro-fracturing/slip surfaces and smearing of 
clay into the fault zone together with entrainment of sand grains from host rock sandstone 
adjacent the siltstone bed and into the fault rock.  
 
 
In Figure 47 and 48 complex micro-fracturing has occurred within the fault rock of the 
smeared siltstone bed. Slight variations in fracture length and density between changes in 
lithology can be observed between sandstone and siltstone beds. This may be due to 
mechanical strength variations between the beds. Here shale smear, though brittle in 
deformation, shows signs of ductile flow and grain incorporation whereas cataclasis is 
primarily due to crushing and grinding individual grains. The sedimentary fabric is still 
visible within the shale-smear (Figure 47 and 48) however there are small rotations of 
individual faulted sections related to shear. At outcrop scale shale smears may look 
dominantly ductile in deformation, however, at micro-scale many micro-fractures 
accommodated strain within the shale smear and control the smear geometries. 
Figure 45: Photograph showing stitched images of thin section from an offset 
siltstone bed sampled from Rapanui within the Mount Messenger Formation. 
Individual units and slip surfaces have been annotated. 
1 mm 
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Figure 46: Photograph showing a faulted siltsone bed (A) adjacent host rock 
sandstone (B) and shale smear processes in detail. Sandstone grains can be seen 
entrained in the fault rock (C/red arrows) and siltstone is being smeared into the 
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4.7 Summary  
The observations outlined in this chapter provide insight into the variability of fault-zone 
architecture (e.g. fault rock thickness, fault zone width, deformation bands and 
displacement), strength properties and generation of fault rock within the north Taranaki 
study area. Fault-zone architecture is highly variable between faults and over small 
distances (<100 mm) within individual fault zones. Grain-size reduction in sandstone 
fault-rock (compared to the source beds) is more prominent in than reductions in siltstone 
fault-rock. Micro-fracturing is also evident within shale-smears which may play a large 
role in the evolution and geometries of shale smears. These data are discussed in chapter 
5 to determine how important this information is for quantifying fault-seal predictions 
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5 INTERPRETATION OF DATA 
AND IMPLICATIONS FOR 
FAULT PERMEABILITY 
5.1 Introduction 
This chapter explores fault-rock generation processes and the impacts of fault rock on 
bulk permeability using the data presented in chapter 4. Unlike chapter 4 which comprises 
observations only, chapter 5 is interpretive and examines the implications of the available 
data for fault-zone growth and fault-seal predictions. 
Quantifying the spatial variation of low permeability fault rock has been achieved by 
mapping six faults at millimetre to centimetre scales, measuring the dimensions of the 
fault-zone and its displacement, analysing the strength of host beds and fault rock, and 
collecting samples for micro-scale analysis. The resulting detailed graphs display spatial 
variations in fault dimensions which are 1 – 3 orders of magnitude. Observations from 
Taranaki are consistent with previous work (e.g. Childs et al., 2007, 2009) in suggesting 
that fault-zone architecture is complex and predicting fluid-flow properties of fault zones 
(without direct outcrop data) may be challenging. Effective fault-seal prediction requires 
quantification of the variability of fault-rock dimensions and properties at outcrop scale. 
In conducting this research, it is assumed that results from outcrop studies can be upscaled 
to larger faults. This upscaling has been assumed for many previous studies and is rarely 
tested; it has not been tested in the current thesis. 
Fault rock observed in the Taranaki region formed via cataclasis and shale smear. In some 
cases, these processes may be one in the same and which processes are observed might 
be scale dependent. For example, shale-smearing at outcrop scale may be accommodated 
by secondary fracturing at the micro-scale. The processes responsible for generating fault 
rock may strongly influence fault permeability (as suggested by grain-size reduction) and 
possibly fault thicknesses, two parameters that have been used to estimate fault 
transmissibility (e.g. Manzocchi et al., 2010). The following section examines Mount 
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Messenger Formation strength, cataclasis and shale smear, fault-zone architectural 
elements, and displacements as a means of quantifying fault-zone variability. 
5.2 Rock and Fault Strength 
The strength of individual host-rock beds (e.g. siltstone and sandstone) and associated 
fault rock has the potential to influence the style of deformation within fault zones. For 
example, weak beds are more likely to deform in a ductile fashion, while stronger beds 
are more often fractured. Data collected and analysed here is displayed as three frequency 
histograms (Figure 47). 
 
From the histograms, it is possible to draw the following conclusions. a) The ranges of 
Schmidt Hammer values are similar for sandstone and fault rock; these ranges are greater 
than for siltstone. b) The mean and mode Schmidt Hammer values for the sandstones 
(19.92/22) are, on average, 12% lower than siltstones (23.67/24) (i.e. siltstones may, on 
average, be slightly stronger than sandstones). c) The mean and mode Schmidt Hammer 
values for fault rock (20.71/18) are, on average, 14% lower than host rock strength. Given 
the wide range of values for each of the three histograms (standard deviations: siltstone 
= 3.59; sandstone = 7.15; and fault rock = 7.42) it remains possible that the average 
Figure 47: Frequency histograms showing the relative strength of host sandstone 
and siltstone beds, and fault rock from all six faults analysed in this thesis. Strength 
proxy measurements were collected using a manual Schmidt Hammer with nil values 
being excluded. 
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strength relationships for the entire population do not apply for all outcrops. However, all 
outcrops studied here suggest that host-rock generally appears to be stronger than fault-
rock. 
5.3 Cataclasis and Shale Smear 
The occurrence of shale smears and cataclasites within fault zones ultimately influences 
the permeability of individual faults and bulk fluid flow within faulted host rock. shale 
smears are known to generate fluid-flow barriers or baffles as fine grained material is 
dragged along the fault plane, while cataclasis produces grain-size reduction of coarser 
grained material leading to reduced pore-throat size and increased capillary entry 
pressures (Hooper, 1991). The Mount Messenger Formation has an average net to gross 
of approximately 0.6, although this value varies from about 0.2 to 0.9 between different 
facies. On average, the formation contains more sandstone (than siltstone) with sand on 
sand contacts along across faults dominating. Sandstone vs. sandstone contacts are 
generally more likely (than sandstone – siltstone fault contacts) to permit across fault fluid 
flow. The likelihood of across fault flow is examined in the following text using data from 
laboratory analysis of host-rock and fault-rock samples within the Taranaki study. 
5.3.1 Grain-size Distribution Changes 
In Taranaki cataclasis of sandstone due to faulting is common, leading to grain-size 
reduction that can produce fault rock as fine grained as siltstone beds in the host-rock 
(Figure 42 - Figure 40). By contrast, grain-size changes in the siltstone beds are relatively 
minor and suggest only slight cataclasis in some cases (Table 4: Pukearuhe A), while 
other siltstones are characterised by increases in grain-size (Table 4: Rapanui A, 
Pukearuhe C) which is consistent with some entrainment of sand into smears (Figure 46). 
The changes in host-rock grain-size due to faulting are quantified in Tables 5 – 6. These 
tables display the % volume grain-size changes due to faulting of siltstone (Table 5) and 
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The amount of grain-size change varies for sandstone and siltstone beds. Minor grainsize 
reduction is generally observed for smeared siltstone beds, however, inspection of the 
individual beds suggests that grain-size reduction of sand paticles can be up to 23%. (e.g. 
Table 5: Pukearuhe A, bed D). These observations can be interpreted to indicate that 
siltstone beds generally experience very little cataclasis during faulting. Some siltstone 
beds appear to show a minor increase in the sand-sized fraction (e.g. Table 5: Rapanui A 
- bed I, and Pukearuhe C), which is consistent with some entrainment of sand grains from 
nearby sandstone beds during smearing (Figure 46: red arrows). Such entrainment 
requires mixing of grains from separate beds at bed boundaries. Sandstone beds typically 
display an average of over 40% grain-size reduction of sand-sized particles. Reduction in 
the size of sand grains is accompanied by an average increase of silt- and clay-sized 
particles of almost 40% and 5%, respectively. Given the approximate equivalence of the 
sand decrease and the silt/clay increase it is possible that crushing of sand grains produces 
both silt and clay. Irrespective of whether the new clay-sized particles were produced 
from silt or sand it is clear that cataclasis of sandstone beds within fault-zones primarily 
produces new silt-sized grains. Further examination of shear failure processes, the 
mechanical strength of beds/different areas of individual beds, the temperature regime 
during burial/faulting, mineral precipitation and diagenic processes are imperative for 
Figure 48: Graph showing average grain-size changes for sand-, silt-, and 
clay-sized grains in fault rock produced by shearing of sandstone and 
siltstone beds. 
Chapter 5: Interpretation of Data and Implications for Fault Permeability 
Henry Winter - May 2017   79 
improving understanding of how cataclasis and shale smears evolve over space and time 
under different conditions. 
The cataclastic processes observed in the Mount Messenger Formation occurred at 
shallow depths (<1500 m) and in weakly lithified strata. The available data support 
previous work on unlithified Quaternary sediments (e.g. Cashman and Cashman, 2000; 
Kristensen et al., 2013) in suggesting that brittle processes can deform strata at shallow 
depths and low confining pressures. In Taranaki cataclasis does not appear to have been 
accompanied by secondary mineralisation and unlike deformation bands in the quartz-
rich sands of Utah (e.g. Aydin, 1978; Aydin and Johnson, 1983) there is no evidence that 
the faults are significantly stronger than the host-rocks (section 5.2 Rock and Fault 
Strength), which could promote local brittle failure. Instead brittle failure of sand grains 
may be promoted by presence of a significant proportion of weak lithic sand-sized grains, 
which can be disaggregated at low shear strains. Thin sections indicate that some quartz 
grains, which are likely to have been relatively strong, are also fractured and crushed, 
from which it can be inferred that grain strength (i.e. the presence of weak grains) cannot 
completely account for the observed cataclasis in the Mount Messenger Formation. 
5.3.2 Shale Smear 
Shale smear observed in the Mount Messenger Formation, occurred in the same 
geological conditions as for cataclasis, shows signs of both brittle and ductile 
deformation. Like the cataclastic processes brittle deformation may influence the 
formation and geometries of smears during faulting. Though displaying ductile 
deformation at outcrop scale many shale smears observed in Taranaki show signs of 
micro-fracturing in thin scetions (Figure 45) which can controll sand-sized grain 
entrainment as well as smear geometries. Micro-faults may also be responsible for the 
small grain-size reductions observed some shale-smears. 
Using information gathered from outcrop on all faults analysed (Table 27: appendix), it 
is possible to assess the accuracy of SSF, SGR and CSP predictions. These predictions 
dominantly rely on bed thickness and displacement. Observed smearing and non-
smearing of siltstone beds has been counted for each fault along with the number of counts 
for where smear calculations predict or don’t predict shale smear accurately (Table 12: 
Appendix). Results show that out of the 55 siltstone beds sampled 56% smeared (). All 
calculations have relied on numbers to define smear potential using bed/fault 
characteristics. For SSF < 5 = likely continuous smear, 5- 7 = possible continuous smear 
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and > 7 = no continuous smear; for SGR > 30 = likely continuous smear, 20 – 30 = 
possible continuous smear and < 20 = no continuous smear; for CSP > 30 = likely 
continuous smear, 15- 30 = possible continuous smear and < 15 = no continuous smear 
(Yielding et al., 1997; Lindsay et al., 1993). Only beds that have been fully displaced 
have been recorded and analysed due to full displacement being required to determine 
smear predictions of algorithms. Tongaporutu B fault has not been accounted for here as 
none of the beds were fully offset due to the small displacement along the fault. 
 
Information gathered here suggests that these algorithms have variable reliability between 
individual faults and different techniques. SGR and SSF have an overall average 
predictive accuracy (i.e. averaged between individual faults measured) of about 50%. 
While CSP accuracy is similar at 40%. The highest predictive accuracy recorded was for 
SSF on Tongaporutu A where it was 73% while the lowest recorded predictive accuracy 
was a low 18% for CSP (also on Tongaporutu A). Given that SGR, CSP and SSF 
calculations are, on average, accurate about half of the time the predictive power of these 
algorithms might be called into question.  
Strength of individual siltstone beds along the same fault produce comparable Schmidt 
Hammer values, suggesting that the beds may have similar strength, and yet beds of 
similar strength maybe both smeared and not smeared. This suggests that strength is not 
a key controlling factor for why some siltstone beds produce smears and others do not. In 
addition, given that sandstone beds appear to be similar in strength, and perhaps slightly 
weaker than, siltstone beds it is expected that sandstone will also smear. Although not the 
focus of this thesis such sandstone smears have been observed and are implicit in the 
mixing of siltstone and sand grains. 
Table 6: Summary of shale smear observations and predictive accuracy of SGR, 
CSP and SSF algorithms for shale smear on displaced siltstone beds. 
 
SGR % CSP % SSF %
Rapanui A 11 6 55% 5 45% 6 55%
Pukearuhe A 6 4 67% 3 50% 3 50%
Pukearuhe B 8 3 38% 3 38% 2 25%
Pukearuhe C 19 10 53% 9 47% 9 47%
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5.4 Fault Zone Architecture  
Observations made in chapter 4 shows that fault-rock and fault-zone thickness are 
complex and spatially variable on individual faults (e.g. Figure 28). These variations are 
here quantified for individual faults and compared between faults to derive generic 
conclusions that may apply beyond the Mount Messenger Formation. These conclusions 
are required to quantify better the structural and lithological variations across and along 
fault zones which are essential for predicting fault fluid-flow properties. 
Figure 49 illustrates the small portion of faults that are typically observable or measurable 
in the outcrops compared to the total dip length. Quantifying the variation of fault-zone 
architecture over the entire, often un-sampled, fault surface is key for understanding 
faulting and how they influence hydraulic properties. Trying to determine and quantify 
the spatial variation and variability of architectural elements of faults is important for 
modelling and fluid flow simulations as normalized data from many faults may be used 
as a proxy for determining the spread of different architectural and hydraulic elements 













Spatial Variability of Low Permeability Fault Rock and its Implications for Fault Seal  




Sample length – this study 
Sample length required to capture 
full range of fault-rock thickness 




Figure 49: Schematic diagrams illustrating three-dimensional fault plane (A) 
and a zoomed in section of the plane (B) with measured sample lengths (blue 
line) with limited observations of fault-zone architecture and a sample line 
(red line- see also A) the entire dip-length of the fault. Red line increases in 
length for individual faults as displacement increases and as a consequence 
the sample line length (blue line) represents a decreasing portion of the total 
length (because sample line lengths are approximately fixed). 
A 
B 
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5.4.1 Quantifying Variability  
Individual architectural elements (i.e. fault-rock and fault-zone thickness) have been 
analysed to define better the predictability of each element with increasing displacement 
and over different sample lengths. To facilitate comparison of results between faults each 
fault element, including fault-rock thickness (Figure 50), fault-zone thickness (Figure 51) 
and deformation band count (Figure 52) (425 samples each) has been normalized to 1. 
Fault-rock thickness ranges from 0.5 mm (the resolution limit of the data) to 13 mm. 
Fault-rock thickness has a broad positive relationship with displacement, however, fault-
rock and fault-zone thickness may vary within and between individual faults by up to 1.5 













Figure 50: Normalised frequency per m of sample-line length for 
fault-rock thickness. Each coloured line shows data for an individual 
fault (see key for fault names). 
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Figure 51: Normalised frequency per m of sample-line length for 
fault-zone thickness. Each coloured line shows data for an 
individual fault (see key for fault names). 
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Figure 52: Normalised frequency per m of sample-line lengths for 
deformation band count. Each coloured line shows data for an 
individual fault (see key for fault names). 
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The maximum fault-rock thickness ranges from 2 – 13 mm with each of the individual 
faults displaying an increase in normalised density at small thicknesses. Despite the fact 
that fault-rock curves in Figure 50 are all stepped (primarily because thicknesses were 
measured at millimetre increments), each curve can be approximately fit by a straight line 
on the linear-log graphs. The slopes of the curves for each fault are controlled by the range 
of the thickness and the density of measurements. Given that neither the lower resolution 
limit of the measurements nor the density of measurements changes significantly between 
faults (excluding Rapanui A which had 10 cm sample spacing), it is expected that the 
slopes will decrease with increasing displacement and maximum thickness. While such a 
decrease can be observed between the smallest displacement fault (Figure 53) and the rest 
of the faults studied, too few data are presently available to adequately test the predicted 
relationship. 
The cumulative density plot for fault-zone thickness in Figure 51 show similar results to 
fault-rock thicknesses (i.e. cumulative density increases linearly with decreasing 
thickness). The primary difference between the cumulative density plots for fault-rock 
and fault-zone data is that the later curves have lower slopes due to their greater range of 
values. Despite these differences in slope both Figure 50 and Figure 51 suggest a factor 
of three decrease in thickness results in a two-fold increase in cumulative density. These 
data are broadly consistent with a negative exponential relationship for which the number 
of thinner thicknesses are greater than the thicker values (Figure 54). For example, fault-
zone thicknesses from 1 – 3 mm and 3 – 10 mm for the Pukearuhe C fault have cumulative 
densities of 3.5/m and 1/m, respectively. 
The cumulative density plot for deformation-band count (Figure 52) also shows similar 
results to Figure 50 and Figure 51 with cumulative density increasing linearly with 
decreasing count. Deformation-band counts vary from ½ count (or half where only 
displacement is observed), to 12 counts. Each curve varies in shape depending on the 
number of deformation bands counted at each sampling location (i.e. only a single 
deformation band was counted for the majority of the sample line for Tongaporutu B, 
thus the blue line is steep). All curves are stepped as only integer values are possible with 
curves steepening as displacement increases because new deformation bands a generally 
added as fault zones evolve (Nicol et al., 2013). 
Fault-rock and fault-zone thicknesses analysed here have been combined with thickness 
data from throughout the Mount Messenger Formation in Childs et al. (2009). The 
minimum and maximum values for fault-rock and fault-zone thickness are shown by 
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dashed blue and red lines, respectively. The black dashed line shows the resolution limit 
of observations and it is possible that some thicknesses extend below this line especially 
at low displacements (e.g. <10 cm). Fault rock thickness, fault zone width and 
deformation band count measurements have been normalised and graphed (Figure 54). 
Upper and lower limits for fault-rock and fault-zone thickness have been positioned by 
eye and are assumed to encompass at least 95% of the total spread that can be observed 
in outcrop within the Mount Messenger Formation. Observations made in this thesis are 
consistent with previous measurements in suggesting that there is a broad positive 
relationship between thickness and displacement, although fault-rock and fault-zone 
thicknesses can vary significantly (3 – 4 orders of magnitude) for a given displacement 
(e.g. Childs et al., 2009). New measurements collected from individual faults (added to 
Figure 53: Graph showing new data sampled for this study (and data sources) combined 
with data from Childs et al., (2009) with upper and lower estimated boundaries for 
fault-rock and fault-zone thickness. Black dashed line denotes resolution limits below 
which thicknesses typically cannot be measured.  
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the dataset) also display a large spread in thickness for a given displacement, although 
this spread is much smaller than for the entire dataset of Childs et al. (2009).  
These measurements suggest that data falling between 0 – 5 is far more frequent than data 
above 5. Deformation band frequency drops off significantly as the count increase, while 
fault-rock and fault-zone thickness gradually drop off into 35 – 50 mm range with fault-
zone thickness occurring more frequently in the higher ranges than fault-rock thickness. 
Normalized frequency measurements of fault-rock thickness, fault-zone thickness and 
deformation-band count show that in general there is a gradual decrease is these elements 











Figure 54: Graph showing normalized frequency per m of sample-line length for 
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The range of fault-rock and fault-zone thickness measurements for this thesis is smaller 
than that for the entire dataset. The comparison of these datasets provides a basis for 
beginning to assess how much variability of fault-zone architecture is possible on 
individual faults (Table 7, Table 8, Figure 55 and Figure 55). The results here indicate 
that the smaller the fault displacement the greater the proportion of total range in thickness 
is captured for all faults (Childs et al., 2009). This negative relationship is most clearly 
demonstrated in Figure 55 A where up to 90% of the total range (i.e. for all data) in 
thickness was sampled in this study by a short line sample on an individual fault. To 
explore this negative relationship further and to examine what the range in thickness may 
indicate about fault-zone architecture, sample length and displacement these data are 
plotted on Figure 56 and Figure 57 . The portion of the total dip length represented by 
each sample has been estimated by using the equation D = cLn to estimate the total dip 
length, where D is maximum displacement, c is a constant related to rock properties, L is 
length and n is an exponent (e.g. Cowie and Scholz, 1992).  Parameters for this 
displacement-length scaling equation have were adopted from FIFT (2005) where D = 
0.001L1.35. Measured maximum displacements have been used to calculate the dip length 
for the sampled faults in the Mount Messenger Formation and length is assumed to be dip 
length (assuming that fault dip length and strike length are equal is consistent with 
observations). 
 
Figure 55: Graphs showing the range of fault-rock (A) and fault-zone (B) 
thickness data in this thesis compared to total range of data in Childs et al. (2009) 
versus displacement. 
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The sample line length is divided by the total dip length of the fault surface (see Table 
11) The resulting modified calculation for fault dip length is: 
                                                         L= (D/0.001)1/1.35 
 
The range % is the range of thickness for each fault in this study divided by the range in 
thickness for all faults in the Mount Messenger Formation with displacements equal to 
those of the sampled faults. The sample range divided by the total range is multiplied by 
100 to produce a percentage. The resulting percentage is then divided by the sample line 













Figure 56: Graph showing normalized range (%) per m of sample-line length 
for fault-rock thickness and fault-zone thickness versus maximum 
displacement accompanied with calculated sample portion. Note logarithmic 
y-axis. Normalised data has been calculated from the information present in 
Table 9 and Table 10. 
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Results indicate that the range/m sample-line length for fault-rock and fault-zone 
thickness, and the portion of the fault sampled, decrease as displacement increases (Figure 
56). These relationships are expected given that the sample lengths have been normalised 
and likely record less of the fault with increasing displacement. The data suggest that 
longer sample lines are required to capture the full range of fault-zone thickness than for 
fault-rock thickness (shown in Table 9 and Table 10). For example, Tongaporutu B fault 
has a calculated total length of 3.29 m, and samples 80% of the total range in fault-rock 
thickness and 80% of the total dip length. As displacement increases the fault sample 
length required to obtain 100% of fault-rock thickness range decreases. For example, 
Pukearuhe B is calculated to be 67 m in dip length, however, based on the available data 
an 11 m sampling length may be required to capture the full (100%) range of possible 
fault-rock thicknesses for this fault. This suggests that the minimum and maximum fault-
rock thickness may be obtainable without needing to sample a large portion of the fault 
length (e.g. ~16% of Pukearuhe B’s fault length may contain the full range of fault-rock 
thickness information).  
 
 
Figure 57: Graph showing measured sample-line length, calculated fault 
length and portion of fault surface (%) data for faults sampled. 
Normalised data has been calculated from this information in Table 9 
and Table 10. 
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Normalized range per m of fault-zone thickness is lower than that of fault-rock data which 
suggests a much longer sample-line length is required to sample the full range of 
thicknesses. It is worth noting, however, that calculating sample length required to sample 
the full range of fault-zone thicknesses can be problematic. For example, fault Pukearuhe 
C has a calculated length of 44 m, however, a sample length of 200 m can be calculated 
to obtain the full range (minimum and maximum thicknesses) of data. Ideally the full 
range of thicknesses should be sampled within the calculated fault length, but fault-zone 
thickness is highly variable (1 – 2 orders of magnitude) on all sampled faults and the 
range of thicknesses sampled may be strongly dependant on the sample locations. 
Additional uncertainties in the present range analysis include errors on the minimum and 
maximum values in the ranges; upper and lower boundaries for fault-rock and fault-zone 
thickness may change with new data.  
The proportion of the total dip length sampled decreases as displacement increases, in 
part because the calculated length of each fault significantly increases with rising 
displacement. This information coupled with frequency distribution curves of fault-rock 
thickness, fault-zone thickness and deformation bands (Figure 54) permits modelling of 
fault-zone architecture over the fault surface for faults with a range of displacement. 
Collectively these data can be used to generate virtual fault settings for modelling and 
permeability predictions. These predictions can be constrained by thickness frequency 
distribution curves, which help to characterise fault-zone architecture for a range of 
displacements. This may help with improving the predictability of individual elements 
within faults to generate more meaningful models and algorithms that reflect fault-zone 
and fluid-flow properties in the subsurface. 
5.5 Implications for Permeability Predictions  
Observed shale smears within fault-zones correlate poorly with SSF, SGR and CSP 
models which are used to predict the sealing properties of fault zones (Table 4 and Table 
12: appendix). The apparent poor correlation between fault-seal said and shale smearing 
suggests that measurements of displacement and bed thickness, which underpin the 
models, may not be sufficient to provide insights into the permeability of fault zones. A 
number of fault-zone architectural parameters (such as, and not limited to, fault-zone 
thickness, grain-size reduction processes, displacement or lithology) are most likely 
controlling the occurrence and extent of fault-seal. Results from this study may have 
implications for structure and permeability predictions of fault zones. 
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There is significant variability of fault-zone architecture for both smeared and non-
smeared siltstone beds. Analysis of siltstone bed smear (Table 4) indicates that current 
models are on average, only 50% accurate at predicting where smear will occur which 
means there is a high level of uncertainty in the utility of the models. Quantifying the 
impacts of fault zone architecture of smearing processes is an important step towards 
refining fault-seal models for more accurate fault seal predictions. Quantifying where 
smear will and won’t occur relies on more than just bed thicknesses and displacement. 
Complex interactions between different processes within fault zones control smear 
geometries, including mechanical strengths between host beds and phyllosilicate content 
of host siltstone beds. Models require an understanding of these processes to more 
accurately predict smearing processes. Study of the processes that control shale smear is 
beyond the scope of this study. 
Cataclasis may be an important phenomenon to take into account when analysing fault-
seal potential. Consideration should be given to how cataclasitic and shale-smear 
processes interact with each other and what this interaction might mean for permeability. 
Cataclastic processes have been observed here to generate fault-rock material as fine as 
shale-smears and may produce barriers to fluid flow, comparable to what might be 
predicted from shale-smear analysis. Therefore, re-evaluation of the role of cataclasis for 













Spatial Variability of Low Permeability Fault Rock and its Implications for Fault Seal  
94  Henry Winter - May 2017 
5.6 Summary  
The results of this chapter have implications for quantifying fault-zone architecture, fault-
rock generation, and permeability predictions. Outcrop analysis shows that the structural 
elements of fault-zones are variable and characterising fault permeability structure 
challenging. Laboratory analysis suggests that cataclasis is important for generating low 
permeability fault rock. Cataclasis could influence fault-zone permeability in the 
Taranaki study area at sand on sand contacts within interbedded sequences and 
consideration should be given to when incorporating cataclasis into fault-seal models and 
algorithms (i.e. when it is important to focus on cataclasis and shale smear). Sampling of 
fault zones and scaling of their variability has been analysed and shows that with 
increasing displacement the range of fault-zone and fault-rock thickness data becomes 
more difficult to capture at outcrop scale. Sampling over larger fault-dip lengths is 
required to obtain higher quality data that represents the full range of individual 
elements/processes occurring within a fault zone. There remains uncertainty in the fault-
sealing properties of fault-rock and how they would be affected by variations in fault-
zone thickness. Fault-zone permeability has the potential to vary spatially within fault 
zones and using simplistic fault-seal models (e.g. SGR, CSP, and SSF) for calculating 
fluid flow may need to be re-examined.  
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6 SUMMARY AND 
RECOMMENDATIONS 
6.1 Summary 
In this study, six normal faults within the interbedded Mount Messenger Formation, 
Taranaki, have been sampled in detail and analysed to characterise the structure and is 
variation within fault zones. The data have been used to help constrain the origin of fault 
rock and its implications for fault-seal prediction. 
A literature review identified a range of uncertainties associated with the definition and 
quantification of fault-zone geometries and hydraulic properties. Many of the 
uncertainties associated with numerical fluid-flow simulations and permeability 
algorithms are related to input parameters directly linked to fault-zone structure. Three 
ways to improve understanding of fluid-flow at faults have been identified. These are; A) 
more clearly define and quantify hydraulic properties with fault zones, B) enhance fluid-
flow models and simulation with associated sensitivity testing, and C) validate and further 
test models using insitu empirical fluid-flow data from fault zones (Nicol et al., 2016).  
In this thesis outcrop and laboratory analysis was undertaken for six individual faults 
within the Mount Messenger Formation. Outcrop analysis included measuring 
displacement, deformation-band count, fault-rock thickness, fault-zone thickness and 
relative strength of host beds and fault-rock. In addition, the grain-size distributions of 
host-rock and fault-rock were analysed using a digital particle-sizer with supplementary 
thin section and SEM imaging used to examine micro-structure. All laboratory and data 
analysis were conducted at the University of Canterbury. Where possible biases and 
limitations of data collection have been minimised to increase the utility of the results. To 
facilitate analysis 151 samples and 2377 measurements were collected for the six faults 
studied. 
The observations in this thesis provide insight into the variability of fault-zone 
architecture (e.g. fault-rock thickness, fault-zone width, deformation band count and 
displacement), strength properties and generation of fault rock within the north Taranaki 
study area. Fault-zone architecture is highly variable between faults and over small 
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distances (<100 mm) within individual fault zones. Grain-size reduction in sandstone-
derived fault-rock (compared to the source beds) is more prominent than reductions in 
siltstone-derived fault-rock. Micro-fracturing is also evident within shale-smears which 
may play an important role in the evolution and geometries of shale smears.  
The results of this thesis have implications for quantifying fault-zone architecture, fault-
rock generation, and permeability predictions. Outcrop analysis shows that the structural 
elements of fault-zones are variable and characterising fault permeability structure 
challenging. Laboratory analysis suggests that cataclasis is important for generating low 
permeability fault rock. Cataclasis could influence fault-zone permeability in the 
Taranaki study area at sand on sand contacts within interbedded sequences and 
consideration should be given to determining under what cirucmstances cataclasis should 
be incorporated into fault-seal models and algorithms (i.e. when is it important to focus 
on cataclasis and shale smear). Sampling of fault zones and scaling of their variability has 
been analysed and shows that with increasing displacement the range of fault-zone and 
fault-rock thicknesses becomes more difficult to capture at outcrop scale. Sampling over 
larger fault-dip lengths is required to obtain higher quality data that represents the full 
range of individual elements/processes occurring within a fault zone. There remains 
uncertainty in the fault-sealing properties of fault-rock and how they would be affected 
by variations in fault-zone thickness. Fault-zone permeability has the potential to vary 
spatially within fault zones and using simplistic fault-seal models (e.g. SGR, CSP, and 
SSF) for calculating fluid flow may need to be re-examined. 
6.2 Future work and recommendations 
Given the time and resources constraints placed on MSc projects they are often unable to 
explore many facets of research related to the thesis. The present thesis is no exception 
and has generated as many questions as answers. Below I discuss four areas of possible 
future work that may help illuminate the variability of fault-zone structure and how it 
could influence fluid flow. 
1) Some attempt has been made in this thesis to describe scaling properties of fault-rock 
and fault-zone thicknesses. Due to the limited scope of MSc thesis’s this study focused 
on six faults with fault-zone properties measured over relatively short sample-line lengths 
along faults (<7 m). To test the results of this thesis a larger sample of faults and longer 
sample-line lengths are essential. A larger sample population should be used to define 
better the variability of fault-rock and fault-zone thicknesses. In particular, future 
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quantification of fault-zone structure could be used to place constraints on the spatial 
distribution of holes in fault rock or areas of minimum fault-rock thicknesses over fault 
surfaces. Sites of minimum fault-rock thickness are the points where across-fault 
hydrocarbon flow is most likely and may be especially important for fault-seal (or more 
specifically non-fault-seal). 
2) This thesis highlights the importance of cataclasis in the development of low-
permeability fault rock. While acknowledged in the literature as being important 
cataclasis is not explicitly incorporated into fault-seal algorithms. Further investigation is 
required to determine if the cataclasis observed in the Mount Messenger Formation 
significantly impacts the thickness and permeability of fault rock. Future research should 
include measurement of permeabilities for cataclastic fault rock and for fault-rock 
generated via smear of host siltstones. In addition, further work is required to determine 
under what geological conditions cataclasis has the potential to generate significant 
quantities of fault rock.  
3) Shale smear has not been a significant focus of this thesis; however, it is clear from the 
available data that shale smear is not ubiquitous for all shale beds. This raises a number 
of questions that should be addressed by future research. These include; can we quantify 
the likelihood that individual siltstone beds will smear and what factors influence the 
occurrence of shale smear?  
4) Based on observations in this thesis it seems that the fault-seal algorithms employed 
by the petroleum industry neither make it possible to predict the variations of fault-rock 
thickness nor are closely related to the occurrence of shale smear. Given that smear is 
implicit in the algorithms questions remain about their utility. Future development of 
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Figure 58: Map showing locations of individual faults sampled 
for this study along the coast of northern Taranaki. Insert map 
shows the study area location on the West Coast of the North 
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TABLE 10: SUMMARY OF NORMALIZED FAULT ROCK THICKNESS SPREAD FOR EACH 
SAMPLED FAULT FOR THIS STUDY. 
Fault Name Original Spread (%) Length of Fault (m) Normalized Spread per m (%)
Rapanui A 7.3% 6.8 1.1%
Pukearuhe A 5.5% 3.6 1.5%
Pukearuhe B 2.0% 3.05 0.6%
Pukearuhe C 2.2% 4.45 0.5%
Tongaporutu A 3.1% 3.4 0.9%
Tongaporutu B 38.3% 2.65 14.5%
TABLE 9: SUMMARY OF NORMALIZED FAULT ROCK THICKNESS SPREAD FOR EACH 
SAMPLED FAULT FOR THIS STUDY. 
Fault Name Original Spread (%) Length of Fault (m) Normalized Spread per m (%)
Rapanui A 91.8% 6.8 13.5%
Pukearuhe A 57.5% 3.6 16.0%
Pukearuhe B 28.8% 3.05 9.4%
Pukearuhe C 27.5% 4.45 6.2%
Tongaporutu A 20.0% 3.4 5.9%
Tongaporutu B 60.1% 2.65 22.7%
TABLE 11: SUMMARY OF CALCULATED FAULT LENGTHS AND SAMPLE PORTIONS FOR EACH 
FAULT SAMPLED FOR THIS STUDY ORDERED FROM MINIMUM TO MAXIMUM DISPLACEMENT. 
Tongaporutu B 2.65 0.005 3 3.29 80.4%
Rapanui A 6.8 0.026 8 11.17 60.9%
Pukearuhe A 3.6 0.13 10+ 36.80 9.8%
Tongaporutu A 3.4 0.16 10+ 42.92 7.9%
Pukearuhe C 4.45 0.165 10+ 43.91 10.1%
Pukearuhe B 3.05 0.29 10+ 66.68 4.6%
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FIGURE 59: GRAPHS SHOWING GRAIN-SIZE DISTRIBUTION OF HOST 
ROCK AND FAULT ROCK SAMPLES TAKEN FROM RAPANUI A. 
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FIGURE 60: GRAPHS SHOWING GRAIN-SIZE DISTRIBUTION OF HOST ROCK 
AND FAULT ROCK SAMPLES TAKEN FROM PUKEARUHE A. 
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FIGURE 61: GRAPHS SHOWING GRAIN-SIZE DISTRIBUTION OF HOST ROCK AND 
FAULT ROCK SAMPLES TAKEN FROM PUKEARUHE B. 
FIGURE 62: GRAPH SHOWING AVERAGE GRAIN-SIZE DISTRIBUTION 
OF HOST ROCK SAMPLES TAKEN FROM TONGAPORUTU B. 
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FIGURE 63: GRAPHS SHOWING GRAIN-SIZE DISTRIBUTION OF HOST ROCK 
AND FAULT ROCK SAMPLES TAKEN FROM PUKEARUHE C. 
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FIGURE 64: GRAPHS SHOWING GRAIN-SIZE DISTRIBUTION OF 
HOST ROCK AND FAULT ROCK SAMPLES TAKEN FROM 
TONGAPORUTU A. 
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FIGURE 67: STACKED PHOTOGRAPHS SHOWING TONGAPORUTU B FAULT FROM TOP (TOP LEFT) 
TO BASE (BOTTOM RIGHT). NOTE BED G WAS NOT ACCESSIBLE DURING PHOTOGRAPHING AS 
BASE OF FAULT WAS COVERED DUE TO HEAVY BEACH SAND ACCRETION.  
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TABLE 12: OUTCROP READINGS OF SMEARED AND NON-SMEARED BEDS COMPARED WITH 
PREDICTIVE ACCURACY OF SHALE SMEAR FACTOR (SSF), SHALE GOUGE RATIO (SGR) 
AND CLAY SMEAR POTENTIAL (CSP) CALCULATIONS. POTENTIAL SMEAR HAS BEEN 
COMBINED WITH SMEAR FOR SSF, SGR AND CSP PREDICTIONS. 
Smear No smear Smear/Potential Smear No Smear Smear/Potential Smear No Smear Smear/Potential Smear No Smear
a 1 0 1 0 1 0 1 0
b 1 0 1 0 0 1 1 0
c 1 0 1 0 0 1 1 0
d 1 0 1 0 0 1 1 0
e 1 0 1 0 0 1 1 0
f 1 0 1 0 0 1 1 0
g 0 1 1 0 0 1 1 0
h 0 1 1 0 0 1 1 0
i 0 1 1 0 0 1 1 0
j 0 1 1 0 0 1 1 0
k 0 1 1 0 1 0 1 0
Total 11 6 5 11 0 2 9 11 0
a 0 1 0 1 0 1 1 0
b 0 1 0 1 0 1 0 1
c 0 1 1 0 1 0 1 0
d 0 1 1 0 1 0 1 0
e 1 0 1 0 1 0 1 0
f 1 0 1 0 0 1 1 0
Total 6 2 4 4 2 3 3 5 1
a 1 0 0 1 0 1 1 0
b 0 1 1 0 1 0 1 0
c 0 1 0 1 0 1 1 0
d 0 1 0 1 0 1 1 0
e 1 0 0 1 0 1 0 1
f 0 1 0 1 0 1 1 0
g 1 0 0 1 0 1 0 1
h 1 0 0 1 0 1 1 0
Total 8 4 4 1 7 1 7 6 2
a 1 0 1 0 1 0 1 0
b 0 1 1 0 0 1 1 0
c 0 1 0 1 0 1 1 0
d 1 0 1 0 1 0 1 0
e 0 1 0 1 0 1 1 0
f 1 0 0 1 0 1 0 1
g 0 1 0 1 0 1 0 1
h 1 0 1 0 0 1 1 0
i 0 1 1 0 1 0 1 0
j 0 1 0 1 0 1 1 0
k 1 0 0 1 0 1 1 0
l 0 1 1 0 1 0 1 0
m 1 0 0 1 0 1 0 1
n 0 1 0 1 0 1 1 0
o 1 0 0 1 0 1 1 0
p 1 0 0 1 0 1 1 0
q 1 0 1 0 0 1 1 0
r 1 0 1 0 1 0 1 0
s 0 1 1 0 1 0 1 0
Total 19 10 9 9 10 6 13 16 3
a 1 0 1 0 0 1 1 0
b 1 0 1 0 0 1 1 0
c 1 0 0 1 0 1 1 0
d 1 0 1 0 0 1 1 0
e 1 0 0 1 0 1 0 1
f 0 1 1 0 0 1 1 0
g 1 0 1 0 0 1 1 0
h 1 0 0 1 0 1 1 0
i 1 0 0 1 0 1 0 1
j 0 1 0 1 0 1 0 1
k 1 0 1 0 0 1 1 0
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FIGURE 71: EXAMPLE GRAPH AND ASSOCIATED DATA GENERATED FROM PARTICLE-SIZER 
ANALYSIS (FROM PUKEARUHE C). 
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Bed Distance Along Fault (cm) Fault-rock Thickness (mm) Fault-zone Thickness (mm) No. Deformation Bands Pseudo Fault-rock SSF SGR CSP
Top A 0 2.5 10 2 1.6 1 100 25
10 3 14 8 6.4
17 2.25 8.75 5.5 4.4
20 1.5 3.5 3 2.4
30 1.5 3 3 2.4
40 4 12 8 6.4
50 4 7 6 4.8
60 1 2 2 1.6
70 1.5 3 3 2.4
80 4 7 6 4.8
Top B 80.5 2.75 4.25 4 3.2 2.3 43 4.35
90 1.5 1.5 2 1.6
100 4.5 13 7 5.6
Top C 105.5 3.25 7.5 4.5 3.6 1.4 72 12.96
110 2 2 2 1.6
Top D 115 1.75 2.5 2 1.6 2.08 48 5.76
Top E 120 1.5 3 2 1.6 2.4 41.7 4.17
123.5 2.75 6.5 5 4
130 4 10 8 6.4
140 4 6 4 3.2
150 3.5 6 5 4
Top F 151.2 2.5 5 3.5 2.8 1.28 78.3 14.1
Top G 160 1.5 4 2 1.6 1.53 65.4 11.1
170 3.5 4 3 2.4
180 1.5 1.5 1 0.8
190 3 5 2 1.6
200 2.5 3 2 1.6
210 1 1 1 0.8
220 1.5 2.5 2 1.6
230 3.5 10 6 4.8
240 3 5 3 2.4
250 2 3 2 1.6
260 2 15 4 3.2
270 6 8 5 4
280 5 15 5 4
290 4 10 5 4
300 3 12 4 3.2
310 4 7 4 3.2
320 1 1 1 0.8
330 0.5 0.5 1 0.8
340 1 1 1 0.8
350 1 1 1 0.8
360 3 6 4 3.2
370 4 7 3 2.4
380 0.7 0.7 1 0.8
390 3 5 2 1.6
400 3.5 7 5 4
410 2.5 2.5 1 0.8
420 3 5 4 3.2
430 1.5 2 2 1.6
440 3 4 4 3.2
450 0.7 0.7 1 0.8
460 2 2 1 0.8
470 1.5 1.5 1 0.8
480 2.5 4 3 2.4
490 1.5 1.5 1 0.8
500 2.5 4 3 2.4
510 6 9 7 5.6
520 0.8 1 2 1.6
530 3 6 4 3.2
Top H 533.5 2 3.5 2.5 2 1.77 56.5 7.35
540 1 1 1 0.8
550 4 5.5 4 3.2
560 0.6 0.6 1 0.8
570 2.5 9 4 3.2
580 1.5 1.5 1 0.8
590 2.5 3 3 2.4
600 3 4 4 3.2
610 2 2 2 1.6
620 1 1 1 0.8
Top I 622.5 0.9 0.9 1 0.8 1.83 54.55 6.55
630 0.8 0.8 1 0.8
Top J 636 0.65 0.65 1 0.8 2 50 2
640 0.5 0.5 1 0.8
Top K 643 1 2.25 1.5 1.2 1.11 90 16.2
650 1.5 4 2 1.6
660 2 3 2 1.6
670 1 1 1 0.8
680 0.8 0.8 1 0.8
Fault Zone Architecture Info
TABLE 13: SUMMARY OF FAULT ZONE ARCHITECTURE (BED LOCATIONS, SAMPLE LOCATIONS, 
FAULT-ROCK AND FAULT-ZONE THICKNESSES, DEFORMATION BAND COUNT, PSEUDO FAULT-ROCK 
THICKNESS AND SMEAR VALUES) FOR RAPANUI A FAULT. 
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Bed Distance Along Fault (cm) Fault-rock Thickness (mm) Fault-zone Thickness (mm) No. Deformation Bands Pseudo Fault-rock SSF SGR CSP
0 5 14 4 3.2
Top A 5 5 15 3 2.4 3 33 10.9
10 6 32 4 3.2
15 5 20 3 2.4
20 5 16 3 2.4
25 4 12 3 2.4
30 4 8 3 2.4
35 4 5 2 1.6
40 4 5 2 1.6
45 4 6 3 2.4
50 5 12 4 3.2
55 5 11 3 2.4
60 1 1 1 0.8
65 3 6 2 1.6
70 6 25 4 3.2
75 6 35 4 3.2
80 6 40 4 3.2
85 6 44 4 3.2
90 5 30 3 2.4
95 4 17 3 2.4
100 4 11 3 2.4
105 5 8 3 2.4
110 5 9 2 1.6
115 5 28 2 1.6
120 5 26 2 1.6
125 4 34 2 1.6
130 4 20 3 2.4
135 5 30 3 2.4
140 6 40 5 4
145 6 48 5 4
Top B 146 4 26 3.5 2.8 3.3 30.4 10.7
150 2 4 2 1.6
Top C 152.5 2 4.5 2 1.6 6.4 15.7 2.8
Top D 155 2 5 2 1.6 2.9 34.8 13.9
160 2 8 3 2.4
Top E 161 4 4 4 0 11.4 8.8 1.2
Top F 164 4 4 4 0 4.2 23.8 9
165 1 4 2 1.6
170 1 3 2 1.6
Top G 175 2 15 3 2.4 4.6 21.9 7.7
180 4 24 3 2.4
185 3 20 4 3.2
190 1.5 4 3 2.4
195 2 2 1 0.8
Top H 200 3 3 1 0.8 6.5 15.4 3.1
Top I 205 1 10 2 1.6 13 7.7 0.8
210 2 5 3 2.4
215 1 1 1 0.8
220 1 1 1 0.8
225 4 7 3 2.4
230 1.5 2 2 1.6
235 2 3 2 1.6
240 3 10 3 2.4
245 5 7 3 2.4
Top J 248.5 4.5 7.5 2.5 2 14.4 6.9 0.6
250 4 8 2 1.6
260 3 9 2 1.6
265 3 10 2 1.6
270 4 12 3 2.4
275 1 1 1 0.8
280 3 4 2 1.6
285 3 5 2 1.6
290 2 3 2 1.6
295 3.5 11 3 2.4
300 2 6 2 1.6
305 2 2 1 0.8
310 2 2 1 0.8
Top K 313 2.5 5 2 1.6 3.3 30 9
315 3 8 3 2.4
320 3 5 2 1.6
325 2 3 2 1.6
330 1 1 1 0.8
335 3 7 2 1.6
340 2 4 2 1.6
Fault Zone Architecture Info
TABLE 14: SUMMARY OF FAULT ZONE ARCHITECTURE (BED LOCATIONS, SAMPLE LOCATIONS, 
FAULT-ROCK AND FAULT-ZONE THICKNESSES, DEFORMATION BAND COUNT, PSEUDO FAULT-
ROCK THICKNESS AND SMEAR VALUES) FOR TONGAPORUTU A FAULT. 
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Bed Distance Along Fault (cm) Fault-rock Thickness (mm) Fault-zone Thickness (mm) No. Deformation Bands Pseudo Fault-rock SSF SGR CSP
0 2 12 2 1.6
Top A 5 1 1 1 0.8 0.066666667 1500 900
10 1 1 1 0.8
15 1 1 1 0.8
20 1 1 1 0.8
25 1 1 1 0.8
Top B 30 0.5 0.5 1 0.8 0.105263158 950 361
35 1 1 1 0.8 0
Top C 38 1 1 1 0.8 0.090909091 1100 605
40 0.5 0.5 1 0.8
45 1 1 1 0.8
50 1 1 1 0.8
55 1 1 1 0.8
60 1 1 1 0.8
65 1 1 1 0.8
70 1 1 1 0.8
75 1 1 1 0.8
Top D 78 1 1 1 0.8 0.037037037 2700 3645
80 1 1 1 0.8
85 0.5 0.5 1 0.8
90 0.5 0.5 1 0.8
95 1 1 1 0.8
100 1 1 1 0.8
105 0.5 0.5 1 0.8
110 1 1 1 0.8
115 1 1 1 0.8
120 0.5 0.5 1 0.8
125 1 1 1 0.8
Top E 128 1 1 1 0.8 0.133333333 750 225
130 0.5 0.5 1 0.8
135 1 1 1 0.8
140 0.5 0.5 1 0.8
145 1 1 1 0.8
150 1 1 1 0.8
155 1 1 1 0.8
160 1 1 1 0.8
165 1 1 1 0.8
170 0.5 0.5 1 0.8
175 1 1 1 0.8
180 1 1 1 0.8
185 1 1 1 0.8
190 0.5 1 1 0.8
195 1 1 1 0.8
200 1 1 1 0.8
205 1 1 1 0.8
210 1 1 1 0.8
215 1 1 1 0.8
220 1 1 1 0.8
225 1 1 1 0.8
230 1 1 1 0.8
235 1 1 1 0.8
Top F 240 0.5 1 1 0.8 0.029411765 3400 5780
245 0.5 0.5 1 0.8
250 0.5 0.5 1 0.8
255 0.5 0.5 1 0.8
260 0.5 0.5 1 0.8
265 1 1 1 0.8
Fault Zone Architecture Info
TABLE 15: SUMMARY OF FAULT ZONE ARCHITECTURE (BED LOCATIONS, SAMPLE LOCATIONS, 
FAULT-ROCK AND FAULT-ZONE THICKNESSES, DEFORMATION BAND COUNT, PSEUDO FAULT-ROCK 
THICKNESS AND SMEAR VALUES) FOR TONGAPORUTU B FAULT. 
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Bed Distance Along Fault (cm) Fault-rock Thickness (mm) Fault-zone Thickness (mm) No. Deformation Bands Pseudo Fault-rock SSF SGR CSP
0 12 55 10 8
5 10 42 8 6.4
10 7 38 7 5.6
15 8.5 44 6 4.8
20 8 34 6 4.8
25 8 31 6 4.8
30 9.5 25 9 7.2
35 8 22 7 5.6
40 8.5 22 6 4.8
45 8 27 6 4.8
50 6 24 5 4
55 3 4 3 2.4
Top A 60 2 3 2 1.6 6.5 15.4 3.08
65 2 3 2 1.6
70 2 3 2 1.6
75 2.5 4 2 1.6
80 2 2 1 0.8
85 1 1 1 0.8
90 1 1.5 2 1.6
95 3 5 3 2.4
100 4 12 3 2.4
105 2 4 2 1.6
110 1 1 1 0.8
115 2 4 2 1.6
120 1 2 2 1.6
Top B 121 1 2 2 1.6 13.9 7.2 0.65
125 1 2 2 1.6
130 3 5 3 2.4
135 2 2 1 0.8
140 2 3 2 1.6
145 3 4 3 2.4
150 5 10 4 3.2
155 3 4 3 2.4
160 3 3 1 0.8
165 2 2 1 0.8
170 2 3 2 1.6
175 5 12 4 3.2
180 4 10 4 3.2
185 2 9 2 1.6
190 3 11 4 3.2
195 2 2 2 1.6
200 1 2 2 1.6
Top C 205 3.5 4 3 2.4 1.5 66.67 53.3
210 1 1 1 0.8
215 2 3 2 1.6
220 4 9 2 1.6
225 4 14 2 1.6
Top D 230 3 9 2 1.6 0.5 200 400
235 1 1 1 0.8
240 1 1 1 0.8
245 2 3 2 1.6
250 1 1 1 0.8
255 1 1 1 0.8
260 0.5 0.5 0.5 0.4
Top E 265 1 1 1 0.8 0.46 216.7 563
270 1 3 3 2.4
275 0.5 0.5 0.5 0.4
280 4 6 3 2.4
285 3 5 3 2.4
290 1 1 1 0.8
295 2 3 2 1.6
300 2 2 1 0.8
305 2 5 4 3.2
310 3 4 3 2.4
Top F 315 0.5 0.5 0.5 0.4 1.71 58.33 40.83
320 1 1 1 0.8
325 1 4 2 1.6
Top G 326 1.5 3.5 2 1.6 2.4 41.7 20.8
330 2 3 2 1.6
335 1 2 2 1.6
340 1 2 2 1.6
345 2 3 3 2.4
350 1 1 1 0.8
355 2 5 3 2.4
Top H 359 2 3.5 2 1.6 2.75 36.4 14.4
360 2 2 1 0.8
Fault Zone Architecture Info
TABLE 16: SUMMARY OF FAULT ZONE ARCHITECTURE (BED LOCATIONS, SAMPLE LOCATIONS, 
FAULT-ROCK AND FAULT-ZONE THICKNESSES, DEFORMATION BAND COUNT, PSEUDO FAULT-
ROCK THICKNESS AND SMEAR VALUES) FOR PUKEARUHE A FAULT. 
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Bed Distance Along Fault (cm) Fault-rock Thickness (mm) Fault-zone Thickness (mm) No. Deformation Bands Pseudo Fault-rock SSF SGR CSP
0 3 4 3 2.4
5 2 5 2 1.6
10 2 3 2 1.6
15 3 5 2 1.6
20 3 10 2 1.6
25 4 12 2 1.6
30 4 8 2 1.6
35 6 24 3 2.4
40 4 16 2 1.6
45 4 15 4 3.2
Top A 47.5 3.5 11 3 2.4 5.1 19.6 16.8
50 3 7 2 1.6
55 2 3 2 1.6
60 4 10 3 2.4
65 5 12 4 3.2
70 5 15 4 3.2
75 8 25 5 4
80 10 30 5 4
85 10 38 5 4
90 10 44 5 4
95 10 50 11 8.8
100 13 45 12 9.6
105 10 45 8 6.4
110 8 40 5 4
Top B 112.5 8 32.5 5 4 2.9 33.9 32.2
115 8 25 5 4
120 5 15 4 3.2
125 5 24 4 3.2
130 4 23 3 2.4
135 4 18 3 2.4
140 3 6 3 2.4
145 1.5 5 1.5 1.2
Top C 147.5 1.5 4 0 0 5.1 19.6 10.2
150 2 5 2 1.6
155 4 8 4 3.2
160 3 4 3 2.4
Top D 162.5 3 7 2.5 2 5.8 17.3 7.8
165 3 10 2 1.6
Top E 170 5 12 4 3.2 8.3 12.1 3.9
175 2 4 2 1.6
Top F 176 2 3 1.5 1.2 7 14.3 5.4
180 2 2 1 0.8
185 1.5 1.5 1 0.8
190 5 12 4 3.2
195 4 8 3 2.4
200 3 5 3 2.4
205 2 3 2 1.6
Top G 206 2 3.5 1.5 1.2 7.3 13.7 4.8
210 2 4 1 0.8
215 5 14 5 4
220 5 15 4 3.2
225 4 15 4 3.2
Top H 227.5 3.5 12.5 4 3.2 6.6 15.2 6.7
230 3 10 4 3.2
235 4 6 3 2.4
240 6 53 5 4
245 5 58 4 3.2
250 5 58 4 3.2
255 6 60 4 3.2
260 5 58 4 3.2
265 4 45 4 3.2
270 3.5 38 3 2.4
275 3 9 2 1.6
280 4 13 4 3.2
285 5 21 7 5.6
290 7 23 6 4.8
295 5 22 4 3.2
300 5 15 5 4
305 4 12 4 3.2
Fault Zone Architecture Info
TABLE 17: SUMMARY OF FAULT ZONE ARCHITECTURE (BED LOCATIONS, SAMPLE LOCATIONS, 
FAULT-ROCK AND FAULT-ZONE THICKNESSES, DEFORMATION BAND COUNT, PSEUDO FAULT-
ROCK THICKNESS AND SMEAR VALUES) FOR PUKEARUHE B FAULT. 
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Bed Distance Along Fault (cm) Fault-rock Thickness (mm) Fault-zone Thickness (mm) No. Deformation Bands Pseudo Fault-rock SSF SGR CSP
0 2 21 3 2.4
5 2 16 2 1.6
10 3 6 4 3.2
Top A 15 4 5 3 2.4 3.1 32.7 17.7
20 5 10 6 4.8
Top B 25 2 6 3 2.4 4.3 23 8.8
Top C 30 2 18 3 2.4 5.5 18.2 5.5
35 2 18 3 2.4
40 3 20 4 3.2
45 4 14 6 4.8
50 4 14 7 5.6
55 3 10 7 5.6
60 3 10 4 3.2
65 8 25 15 12
70 6 18 9 7.2
Top D 72.5 5 17.5 7 5.6 2.7 37.1 21.3
75 4 17 5 4
80 3 9 5 4
85 2 5 2 1.6
90 2 11 3 2.4
95 1 4 3 2.4
100 1 3 3 2.4
Top E 102.5 2.5 9 6 4.8 5.3 18.8 5.6
105 4 15 9 7.2
110 2 5 5 4
115 2.5 3 2 1.6
Top F 117.5 2 2.25 1.75 1.4 7.8 12.9 2.6
120 1.5 1.5 1.5 1.2
Top G 122.5 1.25 2.75 1.75 1.4 7.8 12.9 2.6
125 1 4 2 1.6
130 1 1 1 0.8
135 1 1 1 0.8
140 3 11 5 4
145 4 20 9 7.2
Top H 150 4 18 7 5.6 4.6 21.9 7.5
155 2 12 4 3.2
160 2 5 2 1.6
165 2 10 3 2.4
170 2 20 4 3.2
175 4 30 6 4.8
180 3.5 25 6 4.8
185 3 17 4 3.2
190 3 19 6 4.8
Top I 195 3 13 4 3.2 1.4 71.8 82.7
200 2 10 4 3.2
205 2 12 4 3.2
Top I.II 210 1.5 7 2.5 2 0.4 256.3 1050.6
215 1 2 1 0.8
220 1 1 1 0.8
225 1 1 1 0.8
230 1 1 2 1.6
235 1 1 1 0.8
240 1 1 1 0.8
245 1 1 1 0.8
Top J 250 1 1 1 0.8 5.2 19.4 5.8
255 2 2 2 1.6
Top K 257.5 1.5 1.5 1.5 1.2 6.5 15.5 3.7
260 1 1 1 0.8
265 2 2 2 1.6
270 2 2 2 1.6
Top L 272.5 1.5 1.5 1.5 1.2 2.8 35.5 19.5
275 1 1 1 0.8
280 2 5 3 2.4
285 4 15 5 4
290 3 30 4 3.2
295 2 40 3 2.4
300 2 10 3 2.4
Top M 302.5 2 6.5 2.5 2 7.5 13.3 2.7
305 2 3 2 1.6
Top N 310 2 3 3 2.4 6.5 15.4 3.1
315 4 13 5 4
320 3 8 4 3.2
Top O 325 3 5 3 2.4 5.5 18.2 5.5
330 2 5 3 2.4
Top P 332.5 1.5 3 2 1.6 6.8 14.8 3
335 1 1 1 0.8
Top Q 337.5 2 7 2.5 2 3.9 25.9 9.1
340 3 13 4 3.2
345 3 20 3 2.4
350 4 30 5 4
355 5 23 5 4
360 4 10 5 4
365 3 10 4 3.2
370 4 10 5 4
375 1 1 1 0.8
380 3 5 4 3.2
Top R 385 2 4 3 2.4 2.6 38 21.7
390 1 2 2 1.6
395 2 2 1 0.8
400 1 6 2 1.6
405 2 15 4 3.2
410 2 20 3 2.4
Top S 415 1 1 1 0.8 1.7 60 54
420 1 1 1 0.8
425 1 1 1 0.8
430 2 2 2 1.6
435 2 4 2 1.6
440 1 1 1 0.8
445 2 2 1 0.8
Fault Zone Architecture Info
TABLE 18: SUMMARY OF FAULT ZONE ARCHITECTURE (BED LOCATIONS, SAMPLE LOCATIONS, 
FAULT-ROCK AND FAULT-ZONE THICKNESSES, DEFORMATION BAND COUNT, PSEUDO FAULT-
ROCK THICKNESS AND SMEAR VALUES) FOR PUKEARUHE C FAULT. CONTINUED ON 
FOLLOWING PAGE. 
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Bed Distance Along Fault (cm) Fault-rock Thickness (mm) Fault-zone Thickness (mm) No. Deformation Bands Pseudo Fault-rock SSF SGR CSP
0 2 21 3 2.4
5 2 16 2 1.6
10 3 6 4 3.2
Top A 15 4 5 3 2.4 3.1 32.7 17.7
20 5 10 6 4.8
Top B 25 2 6 3 2.4 4.3 23 8.8
Top C 30 2 18 3 2.4 5.5 18.2 5.5
35 2 18 3 2.4
40 3 20 4 3.2
45 4 14 6 4.8
50 4 14 7 5.6
55 3 10 7 5.6
60 3 10 4 3.2
65 8 25 15 12
70 6 18 9 7.2
Top D 72.5 5 17.5 7 5.6 2.7 37.1 21.3
75 4 17 5 4
80 3 9 5 4
85 2 5 2 1.6
90 2 11 3 2.4
95 1 4 3 2.4
100 1 3 3 2.4
Top E 102.5 2.5 9 6 4.8 5.3 18.8 5.6
105 4 15 9 7.2
110 2 5 5 4
115 2.5 3 2 1.6
Top F 117.5 2 2.25 1.75 1.4 7.8 12.9 2.6
120 1.5 1.5 1.5 1.2
Top G 122.5 1.25 2.75 1.75 1.4 7.8 12.9 2.6
125 1 4 2 1.6
130 1 1 1 0.8
135 1 1 1 0.8
140 3 11 5 4
145 4 20 9 7.2
Top H 150 4 18 7 5.6 4.6 21.9 7.5
155 2 12 4 3.2
160 2 5 2 1.6
165 2 10 3 2.4
170 2 20 4 3.2
175 4 30 6 4.8
180 3.5 25 6 4.8
185 3 17 4 3.2
190 3 19 6 4.8
Top I 195 3 13 4 3.2 1.4 71.8 82.7
200 2 10 4 3.2
205 2 12 4 3.2
Top I.II 210 1.5 7 2.5 2 0.4 256.3 1050.6
215 1 2 1 0.8
220 1 1 1 0.8
225 1 1 1 0.8
230 1 1 2 1.6
235 1 1 1 0.8
240 1 1 1 0.8
245 1 1 1 0.8
Top J 250 1 1 1 0.8 5.2 19.4 5.8
255 2 2 2 1.6
Top K 257.5 1.5 1.5 1.5 1.2 6.5 15.5 3.7
260 1 1 1 0.8
265 2 2 2 1.6
270 2 2 2 1.6
Top L 272.5 1.5 1.5 1.5 1.2 2.8 35.5 19.5
275 1 1 1 0.8
280 2 5 3 2.4
285 4 15 5 4
290 3 30 4 3.2
295 2 40 3 2.4
300 2 10 3 2.4
Top M 302.5 2 6.5 2.5 2 7.5 13.3 2.7
305 2 3 2 1.6
Top N 310 2 3 3 2.4 6.5 15.4 3.1
315 4 13 5 4
320 3 8 4 3.2
Top O 325 3 5 3 2.4 5.5 18.2 5.5
330 2 5 3 2.4
Top P 332.5 1.5 3 2 1.6 6.8 14.8 3
335 1 1 1 0.8
Top Q 337.5 2 7 2.5 2 3.9 25.9 9.1
340 3 13 4 3.2
345 3 20 3 2.4
350 4 30 5 4
355 5 23 5 4
360 4 10 5 4
365 3 10 4 3.2
370 4 10 5 4
375 1 1 1 0.8
380 3 5 4 3.2
Top R 385 2 4 3 2.4 2.6 38 21.7
390 1 2 2 1.6
395 2 2 1 0.8
400 1 6 2 1.6
405 2 15 4 3.2
410 2 20 3 2.4
Top S 415 1 1 1 0.8 1.7 60 54
420 1 1 1 0.8
425 1 1 1 0.8
430 2 2 2 1.6
435 2 4 2 1.6
440 1 1 1 0.8
445 2 2 1 0.8
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Bed Thickness (mm) Displacement (mm) Bed Thickness (mm) Displacement (mm) Bed Thickness (mm) Displacement (mm)
A 25 25 A 33 100 A 54 165
B 10 23 B 35 115 B 38 165
C 18 25 C 18 115 C 30 165
D 12 25 D 40 115 D 57.5 155
E 10 24 E 14 160 E 30 160
F 18 23 F 38 160 F 20 155
G 17 26 G 35 160 G 20 155
H 13 23 H 20 130 H 34 155
I 12 22 I 10 130 I 115 160
J 10 20 J 9 130 I.II 410 160




Bed Thickness (mm) Displacement (mm) Bed Thickness (mm) Displacement (mm) N 20 130
A 60 4 A 20 130 O 30 165
B 38 4 B 9 125 P 20 135
C 55 5 C 80 120 Q 35 135
D 135 5 D 200 100 R 57 150
E 30 4 E 260 120 S 90 150
F 170 5 F 70 120
G 60 0 G 50 120
H 40 110















Tongaporutu B Pukearuhe A
Siltstone Bed Info
Siltstone Bed Info
TABLE 19: SUMMARY OF SILTSTONE BED THICKNESSES AND MAXIMUM DISPLACEMENTS 
FOR ALL SILTSTONE BEDS SAMPLED ALONG RAPANUI A, TONGAPORUTU A AND B, AND 
PUKEARUHE A, B AND C FAULTS. 
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Bed Strength reading 1 2 3 4 5 Average Hardness Bed Strength reading 1 2 3 4 5 Average Hardness Bed Strength reading 1 2 3 4 5 Average Hardness
Top Sand Top Sand 26 27 26 26 26 26.2 Top Sand 20 21 22 22 21 21.2
A 14 14 14 14 14 14 A 26 28 26 28 28 27.2 A 19 21 20 22 22 20.8
A - B Sand 12 14 12 10 11 11.8 A-B 28 29 30 28 30 29 A-B 14 16 20 20 18 17.6
B 11 12 13 13 11 12 B 28 29 32 29 29 29.4 B 20 20 21 21 22 20.8
B - C Sand 13 12 11 12 13 12.2 B-C 29 28 31 29 31 29.6 B-C 21 21 21 21 22 21.2
C 17 17 16 15 17 16.4 C 26 25 21 26 25 24.6 C 22 22 21 21 21 21.4
C - D Sand 17 17 17 16 16 16.6 C-D 26 29 28 28 29 28 C-D 20 20 20 18 18 19.2
D 15 13 14 13 15 14 D 29 29 28 28 28 28.4 D 21 20 18 19 20 19.6
D - E Sand 14 14 14 14 13 13.8 D-E 29 28 28 23 28 27.2 D-E 19 19 19 15 18 18
E 15 14 14 14 14 14.2 E 29 30 31 31 30 30.2 E 15 16 18 17 17 16.6
E - F Sand 11 12 12 13 13 12.2 E-F N/A N/A N/A N/A N/A N/A E-F 20 22 21 20 21 20.8
F 12 12 12 13 14 12.6 F 31 30 29 30 30 30 F 18 23 23 24 26 22.8
F - G Sand 16 17 15 16 18 16.4 F-G 31 26 29 29 28 28.6 F-G 16 17 15 16 17 16.2
G 15 16 15 15 14 15 G 26 30 29 29 29 28.6 G 17 17 16 20 20 18
G - H Sand 10 10 5 5 5 7 G-H 28 27 26 25 30 27.2 G-H 22 22 20 23 22 21.8
H 0 0 0 0 0 0 H 30 30 29 29 29 29.4 H 24 24 24 24 24 24
H - I Sand 0 0 0 0 0 0 H-I 31 26 27 25 29 27.6 H-I 21 22 23 23 20 21.8
I 12 12 12 12 12 12 I 26 26 26 27 32 27.4 I 23 22 23 23 20 22.2
I - J Sand 0 0 0 0 0 0 I-J 27 30 26 28 29 28 I-I.II 22 22 21 21 22 21.6
J 0 5 5 0 0 2 J 28 29 28 29 28 28.4 I.II 22 24 24 23 23 23.2
J - K Sand 0 10 10 10 0 6 J-K 32 31 30 30 31 30.8 J 19 18 16 17 23 18.6
K 0 0 0 0 0 0 K 31 32 32 29 30 30.8 J-K 20 21 21 21 20 20.6
Base Sand 0 0 0 0 0 0 Base Sand 28 31 33 28 29 29.8 K 21 22 23 24 20 22
K-L 22 23 25 27 24 24.2
Top Sand 30 29 26 27 28 28 L 22 19 18 20 19 19.6
Bed Strength reading 1 2 3 4 5 Average Hardness A 30 30 28 28 28 28.8 L-M 20 19 18 20 19 19.2
Top Sand 20 18 22 18 21 19.8 A-B 25 26 26 30 28 27 M 24 23 23 20 19 21.8
A 20 25 23 23 23 22.8 B 31 29 28 28 30 29.2 M-N 17 20 17 20 19 18.6
A-B 18 19 20 20 20 19.4 B-C 26 28 28 29 28 27.8 N 20 21 20 20 21 20.4
B 21 25 26 24 25 24.2 C 25 26 24 25 26 25.2 N-O 21 21 21 22 22 21.4
B-C 22 19 20 20 20 20.2 C-D 27 24 24 25 25 25 O 19 21 22 19 21 20.4
C 26 27 28 24 26 26.2 D 28 26 26 26 25 26.2 O-P 18 21 21 20 22 20.4
C-D 18 19 19 21 18 19 D-E 26 26 27 26 26 26.2 P 17 20 20 17 20 18.8
D 19 27 26 26 22 24 E 28 26 26 27 28 27 P-Q 15 16 15 15 16 15.4
D-E 19 18 19 19 18 18.6 E-F N/A N/A N/A N/A N/A N/A Q 16 18 18 18 19 17.8
E 23 26 25 24 23 24.2 F 26 25 26 28 28 26.6 Q-R 22 23 23 21 23 22.4
E-F 22 21 22 20 22 21.4 F-G 28 28 28 28 26 27.6 R 20 20 19 21 20 20
F 28 26 27 26 26 26.6 G 31 30 29 28 30 29.6 R-S 19 19 20 20 19 19.4
F-G 20 22 23 23 21 21.8 G-H 25 25 26 29 28 26.6 S 20 20 20 20 20 20
G 28 26 28 28 26 27.2 H 25 27 25 24 25 25.2 Base Sand 20 20 19 19 17 19
Base Sand 28 26 28 26 26 26.8 H-I 25 25 26 24 23 24.6
I 26 26 26 26 27 26.2 Top Sand 18 18 18 17 18 17.8
I-J 26 27 28 28 26 27 A 18 19 18 18 18 18.2
Bed Strength reading 1 2 3 4 5 Average Hardness (Mpa) J 28 28 28 28 28 28 A-B 14 15 15 15 15 14.8
Top Sand 23 25 24 16 15 20.6 J-K 28 28 27 26 29 27.6 B 16 15 16 16 16 15.8
A 23 23 23 23 24 23.2 K 28 31 30 30 29 29.6 B-C 0 12 14 16 16 11.6
A - B Sand 21 20 22 22 20 21 Base Sand 26 27 33 29 29 28.8 C 15 16 15 18 18 16.4
B 21 23 24 24 22 22.8 C-D 18 18 17 17 17 17.4
B - C Sand 21 21 22 22 22 21.6 D 16 16 18 18 20 17.6
C 24 22 25 24 24 23.8 Bed Strength reading 1 2 3 4 5 Average Hardness D-E 16 16 16 16 17 16.2
C - D Sand 22 21 21 19 19 20.4 Top Sand 21 20 17 18 17 18.6 E 19 19 18 17 17 18
D 22 22 22 20 22 21.6 A 24 25 25 26 25 25 E-F 12 13 13 14 16 13.6
D - E Sand 19 19 19 19 20 19.2 A - B Sand 23 22 21 22 21 21.8 F 14 12 12 14 13 13
E 24 24 20 22 24 22.8 B 22 23 21 22 23 22.2 F-G 12 16 13 13 13 13.4
E - F Sand 20 19 19 20 19 19.4 B - C Sand 23 23 24 22 24 23.2 G 18 18 18 17 16 17.4
F 28 26 26 20 22 24.4 C 25 25 24 25 25 24.8 G-H 19 19 19 19 19 19
F - G Sand 22 26 21 20 22 22.2 C - D Sand 21 22 21 24 23 22.2 H 24 20 23 21 25 22.6
G 24 26 24 24 22 24 D 25 23 25 24 24 24.2 H-I 20 21 20 20 20 20.2
G - H Sand 18 16 16 14 14 15.6 D - E Sand 26 26 23 26 24 25 I 22 22 23 20 20 21.4
H 17 18 18 18 22 18.6 E 22 22 23 25 23 23 I-I.II 20 21 19 18 18 19.2
Base Sand na na na na na na E - F Sand 22 22 22 22 21 21.8 I.II 22 21 22 21 20 21.2
F 24 24 23 23 23 23.4 J 23 20 24 24 25 23.2
Distance Along Fault (cm) Strength reading 1 2 3 4 5 Average Hardness (Mpa) F - G Sand 21 22 22 22 22 21.8 J-K 16 23 23 23 23 21.6
25 0 13 0 10 10 6.6 G 21 22 24 25 24 23.2 K 24 20 22 22 24 22.4
60 (Top A) 15 20 12 20 15 16.4 G - H Sand 22 22 22 25 24 23 K-L 25 24 22 23 23 23.4
101 17 19 16 16 16 16.8 H 23 23 22 25 24 23.4 L 19 19 19 18 19 18.8
121 (Top B) 16 20 19 18 18 18.2 Base Sand 23 22 24 25 24 23.6 L-M 18 19 19 18 20 18.8
156 20 22 24 26 22 22.8 M 19 19 19 18 19 18.8
205 (Top C) 16 22 24 26 22 22 Top Sand 21 23 23 22 22 22.2 M-N 20 16 18 20 20 18.8
225 13 20 19 15 20 17.4 A 24 23 22 24 26 23.8 N 20 21 18 19 19 19.4
230 (Top D) 16 22 18 20 18 18.8 A - B Sand 20 22 20 20 22 20.8 N-O 18 17 19 18 18 18
255 18 20 21 22 20 20.2 B 22 23 21 23 22 22.2 O 19 20 22 22 22 21
265 (Top E) 20 20 20 20 18 19.6 B - C Sand 19 22 19 20 20 20 O-P 16 16 14 16 16 15.6
285 10 15 16 16 16 14.6 C 21 21 21 25 24 22.4 P 17 17 18 18 17 17.4
315 ( Top F) 20 18 18 16 20 18.4 C - D Sand 22 20 24 20 23 21.8 P-Q 16 16 17 18 18 17
320 20 22 18 16 21 19.4 D 23 23 23 24 24 23.4 Q 15 17 15 18 18 16.6
326 (Top G) 16 18 18 16 15 16.6 D - E Sand 22 23 23 23 24 23 Q-R 20 20 19 19 18 19.2
346 18 20 19 19 19 19 E 22 23 23 23 24 23 R 18 20 20 20 18 19.2
359 (Top H) 16 12 15 20 21 16.8 E - F Sand 21 22 22 22 23 22 R-S 16 14 12 12 18 14.4
F 23 23 22 22 24 22.8 S 17 18 18 19 18 18
F - G Sand 24 22 24 24 22 23.2 Base Sand 16 18 18 17 18 17.4
G 26 26 26 26 25 25.8
G - H Sand 22 22 24 24 22 22.8
H 21 22 22 22 23 22
















TABLE 20 SUMMARY OF RELATIVE STRENGTH VALUES AND ASSOCIATED AVERAGES FOR 
INDIVIDUAL SILTSTONE AND SANDSTONE BEDS SAMPLED  ALONG RAPANUI A, TONGAPORUTU A 
AND B, AND PUKEARUHE A, B AND C FAULTS. 
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